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Abstract 
Dynamic Messaging Signs (DMS) and Rural Intersection Conflict Warning Signs (RICWS) are 
roadside signs that feature much larger and heavier signs than are typically placed on their 
respective support systems. There is a concern that the excess weight and size of the DMS and 
RICWS, in conjunction with their breakaway support systems, may introduce wind-induced 
vibration problems not seen in the past. The AASHTO 2015 LRFD Specification for Structural 
Supports for Highway Signs, Luminaires, and Traffic Signals (SLTS) does not yet address 
vibration design for these nontraditional roadside signs. Research was done to explore the wind-
induced vibrations in the DMS and RICWS. 
The DMS support system, specifically the friction fuse connection, is susceptible to the formation 
of stress concentrations and potential fatigue issues. A dynamic numerical model was validated 
with experimental field data and used to evaluate the fatigue life of the DMS support system 
instrumented in the field. The fatigue life of the DMS instrumented in the field was found to be 
approximately 23.8 years. Results of the analysis should be expanded beyond the behavior of the 
specific DMS instrumented in the field to encompass other varieties of the DMS in service.  
Large amplitude oscillations under wind loading have already been observed in the RICWS. 
Research was done to explore the wind-induced dynamic behavior of the RICWS and determine 
suitable modifications to the RICWS support system for reducing the amplitude of the wind-
induced oscillations. Based on data collected from a RICWS instrumented in the field and 
experiments done on a scaled model of the RICWS at the St. Falls Anthony Laboratory, vortex 
shedding was identified as the predominant wind phenomena acting on the RICWS structure. 
Modifications to reduce the impacts of vortex shedding, such as fins, appear most appropriate for 
reducing the amplitude of the wind-induced oscillations. The effectiveness of the recommended 
modifications requires further exploration with the experimentally validated numerical models of 
the RICWS.  
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Notation 
𝜸𝜸 =  Load factor per the Fatigue I limit state (∆𝒇𝒇)𝒏𝒏 =   Wind-induced nominal stress range 
𝝋𝝋 =   Resistance factor (∆𝑭𝑭)𝑻𝑻𝑻𝑻 =   CAFT 
𝑷𝑷 =   Pressure 
𝝆𝝆 =   Density of air  
𝑪𝑪𝒅𝒅 =   Drag coefficient 
𝐕𝐕 =   Wind velocity 
𝒘𝒘 =   Width of sign 
𝒉𝒉 =   Height of sign 
𝑭𝑭𝒅𝒅 =   Drag force 
𝑨𝑨 =   Area of the sign  
𝒗𝒗(𝒙𝒙, 𝒕𝒕) =   Lateral displacement as a function of space and time 
𝛙𝛙(𝐱𝐱) =   Shape function 
𝐪𝐪(𝐭𝐭) =   Time function 
𝑴𝑴𝒕𝒕 =   Mass of the support post 
𝑴𝑴𝒔𝒔 =   Mass of the sign 
𝑬𝑬 =   Elastic modules of steel post 
𝑰𝑰 =   Moment of inertia in the strong axis for W8x24 post 
𝒈𝒈 =   Gravity constant 
𝑭𝑭(𝒕𝒕) =   Forcing function due to wind loading 
𝛆𝛆𝐱𝐱𝐱𝐱 =   Longitudinal strain on the flange of the support post 
𝐲𝐲 =   Distance from centroid of I-Section to exterior flange edge 
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𝑽𝑽(𝒛𝒛) =   Wind velocity at height z  
𝑽𝑽𝟏𝟏 =   Wind velocity at height z1 
𝜶𝜶 =   Terrain factor 
𝑺𝑺𝒗𝒗(𝒇𝒇) =   Velocity power spectral density 
𝒌𝒌 =   Terrain coefficient or Von Karman’s constant 
𝒖𝒖�𝟏𝟏𝟏𝟏 =   Mean hourly wind speed at 33 ft. (10 m) 
𝒖𝒖�𝒛𝒛 =   Mean hourly wind speed at height z 
𝒛𝒛 =   Height of spectra 
𝒛𝒛𝒐𝒐 =   Terrain roughness parameter 
𝒇𝒇 =   Frequency 
𝑷𝑷𝑵𝑵𝑵𝑵 =   Pressure due to natural wind gusts 
𝑰𝑰𝒇𝒇 =   Fatigue importance factor 
𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎𝒏𝒏 =   Annual mean wind velocity for region in mph 
𝑳𝑳 =   Length of post from base plate to the bottom of the sign 
𝐱𝐱 =   Location where evaluating moment measured from base plate 
𝑺𝑺𝒕𝒕 =   Strouhal number 
𝒇𝒇𝒔𝒔 =   Shedding frequency 
𝑳𝑳𝒅𝒅 =   Horizontal length across diamond plate  
𝒖𝒖 =   Homogeneous upstream velocity 
𝑹𝑹(𝒕𝒕) =  Response ratio 
𝝃𝝃 =   Viscous damping factor 
𝝎𝝎𝒏𝒏 =   Undamped circular natural frequency 
𝒕𝒕 =   Time 
𝝎𝝎𝒅𝒅 =   Damped circular natural frequency 
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Chapter 1:  Introduction 
1.1   Motivation of Research 
Wind loading is a key concern for the design of structural support systems for roadway signs and 
signals. Vibrations due to wind loading can cause the structure to oscillate, which may lead to 
problems with fatigue and potentially result in the premature failure of the structure. The 
AASHTO 2015 LRFD Specification for Structural Supports for Highway Signs, Luminaires, and 
Traffic Signals (SLTS) addresses fatigue design for overhead sign and signal structures and high 
mast light towers. Fatigue design for roadside signs is not addressed because these structures are 
traditionally smaller and have not observed fatigue problems in the past (AASHTO, 2015).  In 
recent years, however, the advancement of roadside signs with larger mass and size than typically 
supported on their support systems has sparked concern that these structures may also be 
susceptible to fatigue under wind loading.  
Dynamic Message Signs (DMS) and Rural Intersection Conflict Warning Signs (RICWS) are 
roadside signs that feature much larger and heavier signs than typically supported by traditional 
roadside sign support systems. Structures within a specified distance of the roadway, most 
roadside signs, must feature breakaway supports to reduce injury to vehicle operators in the case 
of impact (AASHTO, 2015). The breakaway supports are designed with weakened connections, 
intended to break away when struck by a vehicle. There is a concern that the excess weight and 
size of the DMS and RICWS, in conjunction with their breakaway support systems, may 
introduce vibration problems not seen in the past. Research was done to explore the wind-induced 
vibrations in the DMS and RICWS. 
The DMS breakaway connection features a friction fuse connection composed of two plates. One 
of the plates, the fuse plate, is weakened by reducing the net area of the plate with empty holes. 
This plate was thought to be especially susceptible to stress concentrations and fatigue. Research 
was done to evaluate the design loads and fatigue lifetime of the DMS, specifically within the 
components of the friction fuse connection, to ensure the adequate fatigue life of the DMS 
support structure. Large amplitude oscillations have previously been observed in the RICWS. The 
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wind-induced dynamic behavior of the RICWS support structure was explored to propose 
modifications for reducing the amplitudes of the vibrations.  
1.2   Overview of Research 
Research was done to assess the fatigue life of the DMS support system and to explore the wind-
induced dynamic behavior of the RICWS. Field monitoring was used to validate numerical 
models of both structures to explore their response under wind loading conditions that could 
potentially occur in the region, but were not readily observed during the field instrumentation. 
The information gathered from the numerical simulations was used to evaluate the fatigue life of 
the DMS support system and to identify potential modifications to the RICWS support system for 
reducing the amplitude of the oscillations experienced by the sign structure.  
The presentation of the research is organized as follows.  
• Chapter 2 provides a brief background of the purpose of the DMS and RICWS signs, as 
well as an overview of their structural support systems. Background on the current design 
guidelines for fatigue loading and their origins is also provided.  
• Chapter 3 presents an overview of the general approach and methodology used in this 
research project. Field data collected for both the DMS and the RICWS were used to 
validate numerical models of the two sign structures. In the case of the DMS, the 
validated numerical model was used to evaluate the fatigue life of the support structure, 
specifically in the friction fuse connection. In the case of the RICWS, the validated 
numerical models were used to identify potential modifications for reducing the 
amplitude of the oscillations experienced by the sign under wind loading.  
• Chapter 4 describes the experimental setup and data collection procedures used in the 
field monitoring portion of the DMS support system.   
• Chapter 5 presents an overview of the analysis of the DMS field data. The findings from 
this analysis were used to validate the finite element model of the DMS.  
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• Chapter 6 discusses the fatigue life of the specific DMS panel and support system 
instrumented in the field. A fatigue stress limit was determined based on the current 
specification and supporting literature. Results of the numerical simulations and 
guidelines for fatigue design from the AASHTO 2015 LRFD Specification for SLTS 
were used to determine if the wind-induced fatigue stresses within the friction fuse 
connection were within the fatigue stress limit.  
• Chapter 7 describes the field data collection system and instrumentation scheme for the 
RICWS. Laboratory experiments done on a scaled model of the RICWS by researchers at 
the St. Anthony Falls Laboratory (SAFL) are also presented in this chapter.   
• Chapter 8 introduces the initial exploration of the RICWS behavior under wind loading, 
as well as a broad overview of potential modifications for reducing the large amplitude 
oscillations in the structure.  
• Chapter 9 summarizes the conclusions and recommendations.  
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Chapter 2: Background 
2.1   DMS Structure 
Dynamic Messaging Signs (DMS) display words, numbers or symbols to communicate real-time 
roadway and traffic information to drivers. The DMS fulfill a variety of applications including: 
emergency incident management, traffic management, maintenance activity updates, 
environmental condition warnings, and traveler information (MnDOT, 2000). An example of a 
typical roadside DMS is shown in Figure 2.1. MnDOT has found the roadside support structure 
for the DMS to be a cost-effective alternative to the overhead truss type or cantilever supports for 
these systems (MnDOT, 2016). 
The DMS feature Type A breakaway posts suitable for placement in the clear zone. The clear 
zone is a roadside boarder area that extends a sufficient distance beyond the road to allow drivers 
to stop or navigate back to the roadway before meeting a hazard (McGee, 2010). Sign support 
structures within the clear zone must feature breakaway or yielding supports to limit injury to 
vehicle operators and damage to vehicles (AASHTO, 2015). The Type A posts used with the 
DMS feature a slip base and a friction fuse connection located just below the sign panel. The 
friction fuse connection consists of two plates, the fuse plate and the hinge plate. The plates are 
used to splice the two lengths of the support posts together. When a vehicle impacts the post, the 
post slips off the foundation at the base connection and then rotates around the weakened portion 
of the fuse plate (plate positioned nearest oncoming traffic), allowing the vehicle to pass safely 
under the sign (McGee, 2010). Figure 2.2 displays the slip base connection of the DMS and the 
fuse plate located just below the sign. The hinge plate, is identical to the fuse plate except the four 
holes used to weaken the fuse plate are not present. Sample details of the friction fuse connection 
are shown in Figure 2.3.  
Another key component of the DMS support structure is the attachment between the DMS panel 
and the support posts. Each post is attached with two “Z-Bar” mounts, located approximately 
5.25 in. from the top and bottom of the sign panel. Figure 2.4 provides a side view of the DMS, 
illustrating the attachment of the sign panel to the supports. Knowledge of the location of these 
attachment points is necessary for idealizing how the wind-induced load on the sign panel is 
transferred from the panel to the support posts.  
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The DMS are much larger and heavier than signs typically placed on the Type A breakaway 
posts. Signs range from 6 ft. x 14 ft. to 8 ft. x 18 ft., weighing over 1500 lbs. (MnDOT, 2016) 
with post heights (taken from the ground to the top of the sign) ranging from 15.5 ft. to 22 ft. 
(Kimley Horn, MnDOT, 2015). Due to the excessive size and weight of the DMS, there is interest 
in investigating potential wind-induced vibrations not previously seen in the Type A post 
supports. Vibrations could lead to concerns with fatigue of the friction fuse plate. As a 
consequent, the current DMS with Type A post support may be structurally inadequate. MnDOT 
currently has approximately 40 of these signs in service with plans to install more in the future 
(MnDOT, 2016).  If the current Type A post support design is inadequate, modifications may be 
needed that could negatively impact the breakaway status of the support system. In such a case, 
guardrails, or other energy absorbing barrier systems, would be needed to protect drivers from 
such supported DMS structures placed in the clear zone (McGee, 2010). 
2.2   RICWS Structure 
Rural Intersection Conflict Warning Signs (RICWS) are installed in high risk intersections to 
warn drivers approaching from a minor roadway of high speed traffic traveling on the major 
roadway. Many severe collisions consist of two-vehicle, right-angle impacts that occur primarily 
at rural “Thru-STOP” controlled intersections where approaching traffic must stop or yield to 
traffic already in the intersection (CH2MHill, 2015). High speeds, and visual obstructions, such 
as vegetation, hills, and skewed roadways increase the risk of serious and fatal accidents at rural 
intersections (MnDOT, 2015). The RICWS are intelligent sign structures with yellow flashing 
lights at the top of the sign that flash when an oncoming vehicle approaches the intersection and 
traffic is present on the major roadway (MnDOT, 2015). If traffic does not exist on the major 
roadway, the yellow lights will not flash. An example of a RICWS structure is shown in Figure 
2.5. 
Similar to the DMS, the RICWS features breakaways supports for use in the clear zone. The 
RICWS is supported by two, 2 in. x 2 in. tube posts with slip base supports as shown in Figure 
2.6. When a vehicle impacts the sign, the impacted post will fracture, bend, or pull from the 
ground, allowing the vehicle to pass through the sign with minimal damage to the vehicle 
(McGee, 2010). The slip base increases the safety of the sign and makes repair easier. The broken 
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stub of the post can simply be removed from the base sleeve and replaced without having to re-
drive the post (McGee, 2010).  
MnDOT districts have noticed excessive swaying of the RICWS under wind loading, in some 
cases even to the point of full blow over (MnDOT, 2016).  The electronic signs and mounted 
lights are much heavier than the typical flat sheet panel signs placed on the 2 in. x 2 in. tube post 
support systems. It is hypothesized that the added weight of the signs has brought the natural 
frequency of the RICWS too close to the frequency of the wind excitations (MnDOT, 2016). One 
solution has been to place a knee brace on the back of the sign, but the added brace removes the 
breakaway status of the RICWS. The additional support requires the signs to be either moved 
from the clear zone or have guardrail placed around them (McGee, 2010). This is undesirable. 
Strategies are needed to reduce the movement of the RICWS systems while maintaining the 
breakaway status of the base connection (MnDOT, 2016). 
2.3   Fatigue Design and Current Specifications 
Fatigue, damage resulting from stress fluctuations, is a primary concern for vibrating structures 
(AASHTO, 2015). Fatigue design can be done on either a finite life or infinite life basis. To 
design using the finite life approach an accurate estimate of the stress range and corresponding 
number of cycles is needed for the lifespan of the structure (AASHTO, 2015). This is difficult to 
achieve, especially for unpredictable wind-induced loading. In contrast, the infinite life approach 
identifies a Constant Amplitude Fatigue Threshold (CAFT) in which fatigue stresses below this 
limit result in the theoretical infinite fatigue life of the structure. Design with this method requires 
only the fatigue limit state stress range expected by the structure. A previous NCHRP study found 
that premature fatigue failure occurred in structures where more than 0.05 percent of the fatigue 
stress ranges observed in the structure were greater than the CAFT (Fisher, Nussbaumer, Keating, 
& Yen, 1993). Based on these results, the fatigue limit state load range was recommended to be 
that which produces a fatigue stress range with 0.01 percent or less of exceedance (Kaczinski, 
Dexter, & Van Dien, 1998).  
The AASHTO 2015 LRFD Specification for Structural Supports for Highway Signs, Luminaires, 
and Traffic Signals (SLTS) recommends an infinite life fatigue design approach.  Critical details 
are separated into detail categories with uniform fatigue resistance design parameters across each 
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category (AASHTO, 2015). A nominal stress methodology is then used to estimate the wind-
induced stress in the detail. Stresses are calculated based on the application of equivalent static 
pressures that are intended to produce a static response in the structure similar to that produced by 
the actual dynamic wind loading on the structure (Kaczinski, Dexter, & Van Dien, 1998). For 
infinite life design, the wind load induced fatigue stress should be below the detail’s factored 
Constant Amplitude Fatigue Threshold (CAFT), as seen in the equation below (AASHTO, 2015).  
𝜸𝜸(∆𝒇𝒇)𝒏𝒏 ≤ 𝝋𝝋(∆𝑭𝑭)𝑻𝑻𝑻𝑻  (AASHTO, 2015)  (2.1) 
where: 
𝜸𝜸 =  Load factor per the Fatigue I limit state, 1.0 (∆𝒇𝒇)𝒏𝒏 =  Wind-induced nominal stress range 
𝝋𝝋 =  Resistance factor, 1.0 (∆𝑭𝑭)𝑻𝑻𝑻𝑻 =  CAFT 
 
There are limitations to the infinite life fatigue approach specified by the AASHTO 2015 LRFD 
Specification for SLTS. First, wind is not a static load. The equivalent static pressures are a 
simplification of the loading behavior on the structure. They are back calculated to produce 
stresses similar to those produced via more complex spectral analysis (Dexter & Ricker, 2002). 
The resulting equivalent static pressures are then somewhat specific to the structures and wind 
loading used in the analysis. The fatigue limit-state load range of 0.01 percent exceedance is also 
difficult to estimate. Research to develop equivalent static pressures was sometimes done using 
only the upper bound of the observed wind load ranges, which was thought to be sufficient to 
ensure the fatigue live exceeded the serviceability life of the structure (Kaczinski, Dexter, & Van 
Dien, 1998).  
The AASHTO LRFD Specification for SLTS, its interims, and previous research do not yet 
address fatigue design for the DMS, RICWS, or other similar roadside signs. Roadside signs are 
not cited as a concern, “Common light poles and roadside signs are not included because they are 
smaller structures and normally have not exhibited fatigue problems” (AASHTO, 2015). The 
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AASHTO 2015 LRFD Specification for SLTS identifies only five structure types in which 
fatigue is a necessary consideration in the designs process.  
1. overhead cantilevered sign structures 
2. overhead cantilevered traffic signal structures 
3. high-mast lighting towers (HMLT) 
4. overhead non-cantilevered sign structures  
5. overhead non-cantilevered traffic signal structures  
Previous wind loading concerns on these structural support systems inspired research to 
understand the dynamic behavior of these structures under wind loading. Equivalent static wind 
loads were then developed for use in the fatigue design of these structures under different wind 
loading phenomena (AASHTO, 2015). The advancement of roadside signs such as the DMS and 
RICW feature larger mass and size than typically supported on their support systems has sparked 
concern that these structures may also be susceptible to fatigue under wind loading. 
2.4   Wind Loading Phenomena 
Four wind loading phenomena have been found to produce wind-induced vibrations in structures: 
galloping, vortex shedding, natural wind gusts, and truck induced wind gusts. Not all wind 
phenomena may be applicable to the DMS and RICWS, but each will be reviewed for 
completeness.  
 Galloping 
Galloping is an aeroelastic phenomenon that results from the coupling between the aerodynamic 
forces acting on a structure and the oscillations of the structure (Kaczinski, Dexter, & Van Dien, 
1998).  As the structure oscillates, the angle at which the wind collides with the structure changes. 
The variation in the buffeting angle causes the oscillations in the structure to increase until the 
structure is thought to gallop. The oscillations occur transverse to the wind in asymmetric 
structures as shown in Figure 2.7, and are generally seen in uniform steady winds (Garlich & 
Thorkildsen, 2005). Generally, the oscillations occur at wind velocities around the natural 
frequency of the structure, but it has been observed that once the vibrations have begun they will 
continue to increase as the wind velocity increases (Kaczinski, Dexter, & Van Dien, 1998) 
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Galloping is most common in flexible, lightly damped structures. Structures exhibiting galloping 
must be susceptible to torsion, because to gallop the structure generally exhibits a transverse 
motion and twisting (Dexter & Ricker, 2002). Non-cantilevered structures or four chord 
cantilevered trusses, generally do not need to consider galloping in the design because these 
structures are less susceptible to torsion. Galloping is most prevalent in cantilevered structures 
with sign or single attachments. The arrangement of the signs, as well as the wind direction plays 
a role in the intensity of the vibrations (AASHTO, 2015).  
Oscillations due to galloping can be mitigated by changing the dynamic characteristics or 
aerodynamic properties of the structure. Although stiffness and mass can also be manipulated, 
AASHTO LRFD Specification for SLTS allows the use of “effective vibration mitigation 
devices” in place of designing the structure to resist oscillations due to galloping directly 
(AASHTO, 2015). Consequently, it is more common to change the mechanical damping of the 
structure when modifying dynamic characteristics. Galloping can only occur if the effective 
damping of the structure is negative, thus the minimum wind speed required to initiate galloping 
is proportional to the mechanical damping of the structure (Kaczinski, Dexter, & Van Dien, 
1998).  
The DMS and RICWS were assumed to behave similarly to an overhead non-cantilevered sign 
structure because the structures do not feature traffic signals and are supported at both ends. 
Fatigue design considerations for the overhead non-cantilevered sign structure does not include 
galloping. Galloping would produce vertical oscillations in the sign structures, which was thought 
unlikely to occur with both sides of the structures supported. Consequently, the DMS and RICWS 
are not susceptible to galloping.  
 Vortex Shedding 
Vortex shedding occurs when fluid flows around a bluff body. The flow separates around the 
object and pressure vortices build on the leeward side of the object. The pressure vortices cause 
pressure differentials around the object, forcing the object to shift. By shifting, the object causes 
the vortices to form in a different location. The process repeats itself, resulting in oscillations 
(Ahearn & Puckett, 2010). Vortex shedding is thus an aeroelastic phenomenon that occurs 
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through the coupling of the aerodynamic forces acting on the structure and the oscillations of the 
structure (Kaczinski, Dexter, & Van Dien, 1998). 
Lock-in, the event of large amplitude oscillations, occurs when the shedding frequency matches 
the frequency of the structure’s oscillations. For structures with a large mass ratio this occurs 
around one of the natural frequencies of the structure (Williamson & Govardhan, 2004). Vortex 
shedding occurs under steady uniform flow and the oscillations are seen normal to the direction 
of the wind as illustrated in Figure 2.8 (Garlich & Thorkildsen, 2005). Generally, this 
phenomenon occurs within a small window of wind velocities. Wind speeds over approximately 
35 mph are generally too turbulent to allow vortex shedding to occur and wind speeds below 10 
mph do not generate aerodynamic forces with magnitudes large enough to cause the object to 
oscillate (Kaczinski, Dexter, & Van Dien, 1998). Vortex shedding is highly dependent on the 
Reynolds number and the Strouhal number (Ahearn & Puckett, 2010). The phenomenon is most 
common in pole structures, such as luminaires, but the masts of cantilever structures have also 
been known to exhibit vibrations due to vortex shedding when attachments (e.g., signs and 
signals) are not present (Garlich & Thorkildsen, 2005). Tapered luminaires have also been known 
to experience vortex shedding induced vibrations (Dexter & Ricker, 2002).  
Oscillations due to vortex shedding can be mitigated by changing the dynamic characteristics or 
aerodynamic properties of the structure. Mechanical dampers are commonly employed in 
luminaires to reduce the amplitudes of the oscillations (Dexter & Ricker, 2002). Suspension 
bridges that have experienced vibrations due to vortex shedding have also successfully employed 
guide vanes to change the aerodynamic properties of the structure (Larsen, Esdahl, Andersen, & 
Vejrum, 2000). 
Structures with attachments rarely experience vibrations due to vortex shedding (Garlich & 
Thorkildsen, 2005), but wind flow around the structures will always generate vortices near the 
structure (Williamson & Govardhan, 2004). Depending on the likelihood for fluid-structure 
interaction, the shedding vortices may or may not couple with the oscillations of the structure to 
produce lock-in. With the DMS, it seemed unlikely that the shedding vortices would couple with 
the oscillations of the signs to produce lock-in. Fluid-structure interaction was thought to be more 
likely for the RICWS than the DMS due to the slender shape of the RICWS panel. The 
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assumption that vortex shedding would not induce fluid-structure interaction in the case of the 
DMS is revisited in Chapter 5. 
 Natural Wind Gusts 
Natural wind gusts buffet a structure with gusts fluctuating in magnitude and direction, causing 
the structure to oscillate. This phenomenon is applicable to all structures. Oscillations due to 
natural wind gusts can occur over a broad range of frequencies due to the natural turbulence in 
the wind (Kaczinski, Dexter, & Van Dien, 1998). Natural wind gusts result in a primarily 
horizontal displacement as shown in Figure 2.9, but there may be a vertical displacement 
component as well in cantilevered structures (Garlich & Thorkildsen, 2005). The impact of the 
atmospheric boundary layer on the mean wind speed acting on the sign at a given height is also 
not directly accounted for in the current AASHTO LRFD Specification for SLTS (Ahearn & 
Puckett, 2010). Equivalent static pressures were developed considering the mean wind speed at 
the height of the sign (Dexter & Ricker, 2002), but based on the AASTHO LRFD Specification 
for SLTS a single mean wind speed is used regardless of the height of the structure. The wind 
speed is known to vary with height because of the effects of the atmospheric boundary layer 
(Ahearn & Puckett, 2010). Little research has been done to explore the effects of natural wind 
gusts in combination with other wind loading phenomenon (Dexter & Ricker, 2002).  
Flexible and lightly damped structures are most susceptible to damage from natural wind gusts 
(Garlich & Thorkildsen, 2005). Increasing the stiffness of the structure will allow the structure to 
resist larger wind loads, but will not necessarily reduce the dynamic response to loading 
(Kaczinski, Dexter, & Van Dien, 1998). Because wind velocities have significant excitation over 
such a broad range of frequencies the most effective method to reduce oscillation amplitudes is 
mechanical dampers (Kaczinski, Dexter, & Van Dien, 1998).  
Natural wind gusts are applicable to all sign and signal structures and were assumed to be the 
predominant wind loading phenomena acting on the DMS and RICWS.  
 Truck Induced Wind Gusts 
Truck-induced wind gusts are produced when a truck passes beneath, or near, a sign. As a truck 
passes beneath a sign, the vehicle distorts the airflow around the sign applying aerodynamic 
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forces in both the horizontal and vertical directions. This scenario most often results in 
displacements in the vertical direction as seen in Figure 2.10. Signs with large horizontal 
projections are most susceptible to forces from the trucks passing below. The larger the frontal 
area of the sign, the larger the force expected (Kaczinski, Dexter, & Van Dien, 1998). Truck-
induced wind gusts became extremely relevant with the advancement of large Visual Message 
Signs (VMS) being installed over highways (Dexter & Ricker, 2002). Designing for truck-
induced wind gusts is not required with structures that contain only signals (AASHTO, 2015). 
The most effective method for reducing oscillations from truck-induced wind gusts is to increase 
the clearance between the sign and the truck passing below (Kaczinski, Dexter, & Van Dien, 
1998). Forces on the structure reduce as the clearance between the truck and sign structure 
increases. Pressure from truck-induced wind gusts is assumed to be negligible at 33 ft. 
(AASHTO, 2015). 
Truck-induced wind gusts are not applicable to the DMS or RICWS. The DMS are typically 
located approximately 30 ft. from the edge of the through lane (Martinez, 2015), making 
oscillations due to truck-induced gusts unlikely. The RICWS are located much closer to the road 
than the DMS, but the large frontal area of the RICWS faces the minor roadway where vehicle 
speeds were expected to be low as vehicles entered the intersection. Truck-induced gusts were 
consequently unlikely to occur in the RICWS at the speeds vehicles were passing the sign.  
2.5   Summary 
DMS and RICWS are roadside signs that feature breakaway support posts with larger and heavier 
signs than typically used on these support systems in the past. The added weight and size of the 
DMS could potentially cause vibrations, and consequently fatigue problems in the weakened 
portion (i.e., the fuse plate) of the breakaway connection. Large amplitude oscillations have 
already been observed in the RICWS and need to be addressed.   
Four wind loading phenomena are known to induce vibrations in sign and signal structures. 
Previous research has been done to explore the causes of these wind loading phenomena, as well 
as potential methods for reducing the resulting vibrations. Equivalent static pressures for fatigue 
design based on these four wind loading phenomena were also developed. Fatigue design for 
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roadside signs, like the DMS and RICWS, have not yet been addressed in the current AASHTO 
LRFD specification for SLTS.  
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Figure 2.1 – Example of DMS 
    
Figure 2.2 – Example of DMS breakaway connection 
  
(a) Slip base (b) Fuse plate 
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Figure 2.3 – Sample details for friction fuse connection  
(a) Fuse plate (left) and hinge plate (right) sample details (not to scale) 
(b) Sample details for post splice (not to scale) 
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Figure 2.4 – Illustration of Z-Bar mounts used to attach DMS panel to supports (not to scale) 
 
Figure 2.5 – Example of RICWS 
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Figure 2.6 – Example of RICWS breakaway connection 
 
 
Figure 2.7 – Illustration of galloping for wind flow into page 
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Figure 2.8 – Illustration of vortex shedding for wind flow into page 
 
Figure 2.9 – Illustration of natural wind gusts for wind flow into page 
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Figure 2.10 – Illustration of truck-induced wind gusts for wind flow into page 
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Chapter 3: Approach and Methodology 
3.1   Research Goals 
This research aimed to address concerns associated with wind-induced vibrations in the DMS and 
RICWS structures. Both signs are much larger and heavier than signs traditionally supported on 
their specific support structures potentially resulting in wind-induced vibrations not normally 
seen in typical roadside signs. The current AASHTO LRFD Specification for SLTS does not yet 
address vibration design for these nontraditional roadside signs. Vibration issues with roadside 
signs are ignored in the specification because vibration problems have not previously been a 
concern in traditional roadside signs.  
The DMS Type A support system, specifically the friction fuse connection, is susceptible to the 
formation of stress concentrations and potentially fatigue issues. This research assessed the 
fatigue life of the Type A support system with the current DMS design. Large amplitude 
oscillations under wind loading have already been observed in the RICWS. Research was done to 
explore the wind-induced dynamic behavior of the RICWS to identify potential modifications to 
the RICWS support system for reducing the amplitude of the wind-induced oscillations.  
3.2   Approach 
The general approach for addressing both the DMS and the RICWS research goals included finite 
element method numerical (FEM) modeling validated with measurements from field monitoring. 
The validated numerical models were used to explore the behavior of the signs under various 
wind loading conditions to address the specific research goals for the two types of signs.  
 Methodology Specific to the DMS 
The data collection system deployed to monitor the behavior of the DMS under wind loading was 
specifically tailored for validating the FEM model used to evaluate the fatigue life of the DMS 
support structure. Instrumentation was placed to capture the overall behavior of the DMS 
structure, as well as the local behavior within the friction fuse connection. The overall behavior 
was observed by monitoring accelerometers placed on the sign panel, as well as strain gages 
located at the base of the supports and distributed along the length of the post. Local behavior 
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within the friction fuse connection was observed by monitoring numerous strain gages located on 
both the fuse plate and the hinge plate of the connection. Chapter 4 describes the setup for the 
DMS field monitoring in greater detail. Data collected along the posts was used to validate the 
overall behavior of the FEM model, while strain data specifically from the friction fuse 
connection was used to validate the behavior of the friction fuse connection in the model. The 
friction fuse connection was considered the critical fatigue detail in the structure, and 
consequently the connection was modeled in more detail within the FEM model. Chapter 5 
provides the details for the FEM model and the validation process.  
Wind loading models used to evaluate the fatigue life of the DMS support system were developed 
based on previous research exploring the wind loading phenomena known to induce vibrations in 
sign and signal structures. Based on the findings in Chapter 2, wind loading models used to 
generate the fatigue stress range of the DMS were developed assuming loading predominantly 
from natural wind gusts. Guidelines from the AASHTO LRFD Specification for SLTS, wind data 
from the field observation period, and previous research in fatigue loads due to natural wind gusts 
were used to develop the wind loading models used in the FEM simulations for evaluating the 
fatigue life of the current DMS support system.  
The stress range computed using the validated FEM model and prescribed wind loading models 
was compared with the estimated fatigue threshold for the friction fuse connection. The threshold 
was determined based on the recommendations of the AASHTO LRFD specifications for SLTS 
and other literature related to fatigue stress limits for details similar to the friction fuse 
connection. Final recommendations on the fatigue life of the DMS support system were based on 
the comparison of the simulated fatigue stress ranges and the estimated fatigue stress threshold. 
The selection of the fatigue threshold and evaluation of the fatigue life of the DMS support 
system are presented in Chapter 6. 
The primary focus of this thesis will be on the data analysis of the field behavior of the DMS, the 
development of the wind loading models, the fatigue stress threshold prediction, and the final 
recommendation of the fatigue life of the DMS support system. Descriptions and references to the 
development of the FEM model (Chapter 5) are based on collaborative work within the project.  
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 Methodology Specific to the RICWS 
The dynamic behavior of the RICWS under wind loading was explored using data collected from 
the field, data collected from scaled experiments done at the St. Anthony Falls Laboratory 
(SAFL), and numerical models of the structure validated with both the field data and experiments 
done at SAFL. The RICWS was modeled using a FEM model of the structure coupled with a 
computational fluid dynamic (CFD) model to capture the fluid-structure interaction between the 
RICWS and the wind loading.  
The data from the field monitoring and SAFL experiments were used to validate and inform the 
RICWS numerical models. The field data collection system to capture the displacement of the 
structure and the experiments conducted at SAFL are described in detail in Chapter 7. The 
experiments at SAFL were used to capture fluid structure interaction characteristics that were not 
easily obtained in the field, specifically those related to vortex shedding which was thought to be 
one of the predominant wind loading phenomena acting on the RICWS based on the findings in 
Chapter 2. Two major experiments were done: drag experiments and wake experiments. Drag 
experiments were done to identify the drag coefficient and shedding frequency of the sign. Wake 
experiments were done to confirm the shedding frequency determined by the drag experiments. 
The wake experiments also provided important inflow turbulent boundary layer conditions for the 
CFD model, as well as a means for validating the resulting wake profiles predicted by the CFD 
model.  
Field data was intended to validate the coupled FEM and CFD model because the displacements 
measured in the field indirectly contained the effects of the fluid structure interaction between the 
RICWS and wind. The ongoing validation of the RICWS models is presented in Chapter 8.  
Based on the observed behavior of the RICWS, the most appropriate modifications for reducing 
the amplitude of the observed oscillations were identified. Preliminary options include altering 
the aerodynamic properties of the sign by installing fins on the structure or adding a mechanical 
damping device. The recommended modifications are presented in Chapter 8. 
The primary focus of this thesis will be on the data analysis of the field behavior of the RICWS, 
the development of the wind loading models, and the identification of potential modifications to 
the RICWS to reduce the amplitude of the observed oscillations. Descriptions and references to 
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the SAFL experiments (Chapter 7) and development of the numerical models (Chapter 8) are 
based on collaborative work within the project.  
3.3   Summary 
The chapter presented the approach and methodology used to explore the dynamic behavior of the 
DMS and RICWS under wind loading.   
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Chapter 4: DMS Field Monitoring 
4.1   Field Observation Setup 
The Type A post-mounted DMS (DMS 169-142.45 NB) located on 169 North within the 
Brooklyn Park area was instrumented in the field to investigate its structural performance under 
dynamic wind loading. Loads on the friction fuse connection and the fatigue lifetime of the Type 
A post support system were given specific attention when selecting and applying instrumentation. 
The final instrumentation setup is shown in Figure 4.1 through Figure 4.4. Images of the applied 
instrumentation are shown in Figure 4.5. 
DMS 169-142.45 was selected for instrumentation primarily for its North-South orientation and 
its proximity to the University of Minnesota (UMN). Winds were expected primarily in the 
North-South directions, and the DMS 169-142.45 was oriented such that the normal surface of the 
sign was approximately perpendicular to the prevailing wind where moderate winds were 
expected regularly. This orientation was ideal for observing large strains (stresses) in the support 
system. Routine visits to the sign to check on instruments and data collection were more 
manageable with a sign located near the UMN.  
The instrumentation consisted of two accelerometers, two cup and vane anemometers, one 
temperature probe, and 76 strain gages. The accelerometers were used to investigate the dynamic 
behavior of the DMS. The cup and vane anemometers measured the mean wind speed and 
direction. The strain gages were used to measure the dynamic response in the Type A post 
support system and the friction fuse connection under loading. Two of the total 76 strain gages 
were used to instrument two steel coupons placed on the ground near the base of each post. 
Because of the wide range of temperatures experienced in the field, the unstressed coupons 
provided a means to correct the gage readings for temperature effects. Although the strain gages 
used were temperature-compensated for steel attachments, the compensation was linear within a 
limited temperature range of 68 to 96 oF. The model number, manufacturer, and resolution of all 
instruments are provided in Appendix A. A layout of the instrumentation on the DMS is shown in 
Figure 4.1. General layouts for the strain gages are provided in Figure 4.2 through Figure 4.4. As 
built dimensions for the gages are provided in Appendix A. 
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The DMS support structure was expected to experience strong axis bending, weak axis bending, 
shear and torsion. The strain gage orientation shown in Detail A of Figure 4.2 (i.e., two rosettes 
on each face of the web, four strain gages on the flange tips, and two strain gages at the center of 
the flange face) provided some redundancy to facilitate investigation of the behaviors. The setup 
was also intended to enable shear strains generated from torsion to be distinguished from shear 
strains generated from bending. Detail A was positioned at the base of each post, as the greatest 
bending moments, shears and torsions were expected to occur there. The same strain gage 
orientation was distributed at two additional locations up the west post to capture the loading 
behavior over the height of the support to facilitate further comparison with the FEM model.  
Detail B was used to monitor shear transfer through the friction fuse connection. There was a 
visible gap between the two sections that made up each post (i.e., above and below the friction 
fuse connections). Shear could not be transmitted via friction through the webs of the two 
sections. Consequently, the rosettes of Detail B were located approximately 3 in. above and 
below the interface the interface to avoid nonlinear effects due to St. Venant at the 
discontinuities. 
Detail C of Figure 4.2 shows both plates of the friction fuse connection (i.e., the hinge plate and 
the fuse plate) instrumented with multiple strain gages to capture the strain behavior in the 
connection. The hinge plate was instrumented with five, 0.236 in (6 mm) gages as shown in 
Figure 4.2, and the fuse plate was instrumented with two, 0.236 in (6 mm) gages and three, 0.118 
in (3 mm) gages. Smaller gages were used on the fuse plate to improve the fit of the gage within 
the limited space between the holes in the plate. The behavior of the friction fuse connection was 
especially important for model validation because the friction fuse connection was a likely 
location for stress (strain) concentrations and potential fatigue issues. It was not possible to detect 
local strain concentrations with the gages due to their finite size; the gages provided an averaged 
strain over their gage length. The averaged strains from the collected field data were later used to 
validate the FEM model by comparing the measured results with strains from the FEM model. 
This procedure is explained in detail in Chapter 5. 
Due to challenges avoiding the existing conduit located on the east post of the Type A support 
system, some strain gages were not placed as illustrated in the details provided in Figure 4.2 
through Figure 4.3. Gages 66 and 68, see Figure 4.4, were not installed because of conduit 
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covering those locations on the hinge plate, and gages 37, 38, and 39, see Figure 4.3, were placed 
on the inside of the post flange instead of on the exterior of the flange to avoid the conduit on the 
post.  
Strain gages were installed using CN-Y adhesive and installation procedures recommended by 
Texas Measurements. The galvanization at gage locations on both posts and both friction fuse 
connections was removed using an angle grinder. The surface was then smoothed using a rotary 
sander and later by hand for fine smoothing. Grinding the surface of the fuse plate and the hinge 
plate was especially difficult due to the presence of the bolts in the connection. The face of the 
grinder did not fit well between the bolts, and grinding in these areas was quite crude. The red 
circle on the fuse plate in Figure 4.5 highlights an example of a poorly grinded surface. The 
surface was smoothed as much as possible with the rotary sander and sand paper applied by hand. 
After installation, all strain gages were protected environmentally with SB tape and aluminum 
foil tape. The gages on the friction fuse plate in Figure 4.5 are shown before the protective tape 
was applied.  
Data was collected using a CR9000X Campbell Scientific data logger. The two accelerometers, 
two anemometers, temperature probe, and 54 of the total 74 strain gages installed could be 
monitored simultaneously by the data logger. Three groupings of instrumentation were used 
during the monitoring period. In the first phase, the accelerometers, anemometers, temperature 
probe, and gages 1 through 54 were connected for data collection. This grouping of gages was 
used to capture the loading behavior vertically along the post of the support system. In the second 
grouping, gages 13 through 36 were replaced with gages 55 through 74 to target the loading in the 
friction fuse connection. A third group was utilized to confirm the findings from group 1 as well 
as maintain the observation of the friction fuse connection. In this group, gages 2 and 5 were 
replaced with gages 14 and 17, and gages 26 and 29 were added. Group 3 was used for most of 
the data collection period. Figures of each gage grouping are provided in Appendix A, as well as 
a log stipulating when during the data collection period each gage grouping was utilized.  
Temperature, wind speed and direction were sampled at the peak sampling rate of the cup and 
vane anemometers selected for instrumentation, which was 1 Hz. The values of these quantities 
were not expected to change at a rate much faster than 1 Hz. The strain and acceleration data 
were sampled much faster (i.e., at 200 Hz) to capture higher frequency response of the structure 
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and provide opportunity for filtering the data to remove any high frequency noise. A cellular 
modem was used to access the data collection system and data remotely.  
The primary data of interest were collected at a fast rate on an event basis. Additionally, the wind 
speed and direction, air temperature, and the strain at each of the connected gages were 
continuously collected at five minute intervals, and the average values over five minute periods 
(5-minute averages) were stored. These averages were collected primarily for investigating long-
term data trends and diagnostic purposes. The fast rate dynamic data (i.e., raw sampled 
measurements) were saved when a measurement threshold had been exceeded. Three different 
types of thresholds were set: maximum wind speed (31.3 mph), maximum strain (100 𝜇𝜇𝜇𝜇), or a 
maximum acceleration (1g). In all events recorded, the maximum wind speed triggered the wind 
event. Limiting fast data collection to events beyond the threshold increased the quality of the 
data being saved by increasing the probability that some strain data would be above the noise 
floor of the gages. Observing the data through unique, individual events enabled a more detailed 
exploration of the sign behavior under wind from specific directions.  
4.2   Data Collection Period 
Field data collection for the DMS began on August 8th, 2017. A log of all major changes to the 
data collection system is provided in Appendix A, but some notable data collection milestones are 
summarized here: 
• Reliable data collection began on August 17th after adjustments were made to the initial 
setup of the system.  
• Between September 14th and October 31st, the data collection system was not fully 
operational because of problems with the power supply to the system. 
• On September 19th the accelerometers were glued directly to the support post instead of 
attached using a steel plate as seen in Figure 4.5. This was done to remove any frequency 
content of the steel plate in the accelerometer data.  
• On September 29th Accelerometer 1 was moved to the web (orthogonal to original 
position on the flange) of the west support post to capture frequency content for the 
second mode shape, as shown Figure 5.18. The accelerometer could only capture motion 
within the axis in which it was applied. Consequently, the accelerometer had to be 
moved to capture motion in the East-West direction.  
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• On October 31st, the anemometer located at the bottom of the DMS sign panel was 
removed for use in the instrumentation system installed on the RICWS. Wind data 
collected after October 31st was based on the readings from the top anemometer only.  
High speed wind events were rare during August and September, with very few wind events 
exceeding 31.3 mph (14 m/s). Data collected in November and December generally consisted of 
much larger wind speeds than those recorded during August and September. Consequently, in 
November and December multiple wind events were collected for a wind speed threshold of 31.3 
mph (14 m/s). Critical wind events from November and December are described in Chapter 5 
during field data reduction.  
4.3   Summary 
A Type A post-mounted DMS (DMS 169-142.45 NB) was instrumented in the field to observe its 
behavior under a measured wind loading. The instrumentation setup included accelerometers, 
anemometers, a temperature probe, and numerous strain gages. Sensors were located to validate 
the FEM model. Two different types of data sets were recorded: 5-minute averages over the 
course of the measuring period and fast rate triggered event-based dynamic data. The data 
collection period began in August, but wind events with higher wind speeds were primarily 
collected in November and December. Data collection was ongoing throughout the duration of 
the project, but wind data used to generate the conclusions provided in Chapter 9 are based on 
wind events in November and December only due to limited high wind events in the spring.  
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Note: The concrete pad was used as a reference point for 
dimensions, but the posts were imbedded into the ground adjacent 
to the conger pad. The concrete pad protruded just a few inches 
from the surface of the ground.  
 
Figure 4.1 – Instrumentation layout for DMS  
 
 
Plan view of  
post orientation 
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Figure 4.2 – Strain gage details (detail subsets not to scale) 
East Post 
West Post 
Detail A Detail B Detail C 
31 
 
 
Figure 4.3 – Strain gage layout for gages 1 through 48 (not to scale) 
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Figure 4.4 – Strain gage layout for gages 49 through 74 (not to scale) 
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Figure 4.5 – Examples of DMS instrumentation  
Accelerometer Strain Gages Friction Fuse 
Strain Gages 
Temperature Probe Upper Anemometer Lower Anemometer 
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Chapter 5: Analysis of DMS with Type A Support System 
5.1   Field Data Reduction 
The DMS 169-142.45 NB structure was instrumented as described in Chapter 4 to determine the 
behavior of the DMS sign structure subjected to wind loading. The measured data were 
subsequently used to validate the FEM model of the DMS and Type A support system. The 
validated FEM model could then be used to investigate different wind scenarios and local strain 
fields of interest in the friction-fuse plate. 
Wind events with wind speeds that exceeded a threshold of 14 m/s were used for the validation. A 
threshold speed of 14 m/s was thought to be large enough to produce strains that exceeded the 
noise floor of the gages (i.e., ± 3𝜇𝜇𝜇𝜇, see Section 5.1.1) in most of the support structure. Of the 
several wind events triggered during November and December of 2018, eight critical wind events 
were selected for detailed analysis. Events were designated using the month/day and time in 
which the event occurred. Critical wind events were selected based on the peak wind speed 
exhibited in the event and/or the primary wind direction of the event. The wind rose and wind 
speed history for each of the eight critical wind events is given in Figure 5.1 (Event 11/01 at 1506 
through 11/09 at 1506), Figure 5.2 (11/10 at 1608 through 12/04 at 2321), and Figure 5.3 (Event 
12/05 at 1321 and Event 12/13 at 1038).  
Note that the wind speed history includes plots for the raw wind speed, normal wind speed, and 
the tangential wind speed. All speeds are absolute values. The raw wind speed represents the raw 
wind speed value recorded relative to magnetic north, whereas, the normal and tangential wind 
speeds are the components of the raw wind speed separated to explore the effects of normal and 
tangential loading on the sign. The normal and tangential wind speeds were computed using 
trigonometry and the known offset, approximately 52 degrees, between the direction normal to 
the North face of the DMS and magnetic north. The reference for the direction normal to the 
North face of the DMS is indicated in the wind roses shown in Figure 5.1 through Figure 5.3 by 
“Sign North.” Also note that for cleaner comparison between the three speed plots, only the 
magnitude of each wind velocity component was displayed. The wind rose illustrates the 
direction winds were coming from, i.e., North, South, East, or West.  
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 Challenges 
A few challenges were encountered in analyzing the field data. The first challenge dealt with the 
effect of temperature on the strain gages. For comparison with the FEM model, the mechanical 
strains due to wind loading needed to be separated from the strains due to temperature. Although 
the strain gages were temperature compensated for steel, they were only compensated between 68 
to 96 oF as described in Appendix A. Fluctuation in temperature outside of this temperature range 
resulted in measured changes in strain due to thermal effects. During the six-month observation 
period from August to January, the temperature regularly exceeded the temperature range in 
which the gages were temperature compensated. Long-term temperature data for the DMS is 
shown in Figure 5.4. To overcome this challenge, only the change in strain throughout a wind 
event was analyzed. Wind events were 5 minutes in length. During a wind event temperature 
changes were not sufficient to induce changes in strain due to thermal effects. Instrumented 
unstressed steel coupons were used to investigate the effects of temperature on the long term (5-
minute average) strains. Although the coupons did not account for the impact of differential 
exposure to sunlight at various positions on the structure, the coupons served as an average 
measure of the change in strain due to temperature. 
The coupons were primarily used to estimate the noise in the measured strain data. Figure 5.5 
displays the normal wind speed, air temperature, strain in the coupon located on the ground near 
the east post, and strain in the gage located at the base of the north center flange of the east post. 
The trend observed in the strain data for the gage located on the support post clearly follows the 
trend observed in the wind speed data, indicating that the gage was indeed responding to the wind 
loading. As expected, the strains observed in the coupon did not resemble the trend observed in 
the wind data. The fluctuations observed in the coupon strain measurements were significantly 
smaller than those observed in the gage on the support structure. Changes in the strains measured 
in the coupon represent noise in the gage, but the absolute magnitude of the strain is likely due to 
temperature-induced strain sustained from changes in temperature beyond the zero-conditions the 
gage was installed in. Based on similar analysis with other critical wind events, it was determined 
that the coupons did not respond to wind loading on the structure. Consequently, they could be 
used as a representation of the noise in the gages on the supporting structure. 
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The second challenge dealt with the variation in the sampling frequency of the data. Wind speed, 
wind direction, and air temperature were sampled at 1 Hz, while strains and acceleration were 
sampled at a much faster sampling rate of 200 Hz. Sampling the strains and accelerations at the 
higher frequency allowed the sensors to detect response in the sign at frequencies less than 100 
Hz. For example, response due to high frequency buffeting or vortex shedding could potentially 
be detected in the strain and acceleration data. Wind gusts that may have caused the response, 
however, could not be measured because of the limited sampling rate of the anemometer. Without 
the known wind loading, it was difficult to reliably distinguish response from noise in the higher 
frequency data of the strains and accelerometers. 
Consequently, much of the exploration of the strain data was done at a 1 Hz sampling rate. This 
was done for two main reasons. First, strain data collected at 200 Hz was very noisy. Filtering and 
downsampling to a sampling rate of 1 Hz smoothed the data significantly and made observing 
basic trends in the data much easier. Second, because the wind data was collected at 1 Hz 
sampling, it was not possible to develop an accurate estimate of the pressure, and consequently 
the force on the structure for changes greater than 1 Hz. Any comparison done with the field data, 
for example comparison with the FEM model, required knowledge of the force applied to the 
structure. Comparisons had to be performed at a sampling rate of 1 Hz because any comparison 
done at a faster sampling rate would require extrapolation of the wind loading behavior beyond 
that which was measured. There would be no way to verify the accuracy of the extrapolation. The 
natural frequency of the DMS was between 3 and 4 Hz, see Section 5.2.1. Consequently, a 
sampling frequency of 1 Hz was not sufficient to capture any resonant behavior in the strain data. 
Resonant behavior was explored in Section 5.2.1 through an analysis of the strain data. 
The strain amplitude measured in the coupons, or assumed noise in the gages, was also evaluated 
at 1 Hz. Figure 5.6 displays the average strain amplitude in each coupon at 1 Hz sampling for 
each of the critical wind events. As seen in Figure 5.6, the strain variation in the coupons ranged 
from approximately ±1 𝜇𝜇𝜇𝜇 to ±3 𝜇𝜇𝜇𝜇, with the smaller variations in strain consistently observed in 
the coupon near the west post. The variation in the two coupons was a limited representation of 
the noise experienced in all 76 gages utilized in the experiment. The maximum error observed in 
the coupons, ±3 𝜇𝜇𝜇𝜇, was assumed to be a reasonable representation of the error present in all the 
gages throughout the DMS support structure.  
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The remainder of the analysis presented in this chapter was done assuming an error of ±3 𝜇𝜇𝜇𝜇 in 
each strain gage. For clarity, subsequent figures in this chapter, except those referring to the 
validation of the model under tangential loading, use data from Wind Event 11/09 at 0553 as seen 
in Figure 5.1. Wind Event 11/09 at 0553 was selected because the wind direction was primarily 
normal to the sign and featured relatively large normal wind speeds. A primarily normal wind 
event was desired for most comparisons because the area of the sign surface exposed to the 
normal component of the wind was much larger than the surface of the sign exposed to the 
tangential loading of the sign. The response of the sign due to normal loading was thought to 
control over the response due to tangential loading. Validation of the FEM model, seen in Section 
5.2 was done dynamically using field data.  
 Static and Dynamic Model Investigation  
Based on the evaluation of the estimated strains in the base of the support posts, it was 
determined that a dynamic FEM model was necessary for simulating the strains in the DMS 
support structure. Note that the base of the post refers to the strains at the first set of gages on 
each post, which reside 19 in. above the base plate. See Figure 4.1. The estimated change in strain 
was computed by two approaches. The first assumed the static application of wind pressure to the 
DMS. In the second case, the response of the structure was investigated using a dynamic model.  
The estimated static strain was based on the change in measured wind speed and corresponding 
change in pressure. The pressure was computed using the wind speed at two specified points in 
time, see (5.1) and (5.2), and then the difference in pressure was used to calculate the resulting 
change in applied force. Drag force was computed by multiplying the pressure by the area of the 
sign exposed to the wind loading as shown in (5.3). Wind loading was assumed constant over the 
entire area of the sign. The normal component of the wind loading was assumed to control 
because the exposed area of the sign was much larger than the area exposed to the tangential 
component of the wind loading. The tangential component of the wind load was consequently 
neglected, and the normal wind pressure was computed using only the normal component of the 
wind velocity. The expected change in strain at the base of the post was calculated using statics 
and the cantilever models shown in Figure 5.7. A fixed base was assumed for each support. The 
point loads shown in Figure 5.7 correspond to the location of the “Z-Bars” used to connect the 
sign to the W8x24 support posts as discussed in Chapter 2. Two Z-Bars were used to connect 
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each post, for a total of four Z-Bars. For this analysis, the force on the sign was assumed to 
distribute evenly between the four attachment locations.  
𝑷𝑷 =  𝟏𝟏
𝟐𝟐
𝝆𝝆𝑪𝑪𝒅𝒅𝑽𝑽
𝟐𝟐  (5.1) 
𝑪𝑪𝒅𝒅 = 𝟏𝟏.𝟏𝟏 + 𝟏𝟏.𝟏𝟏𝟐𝟐�𝒘𝒘𝒉𝒉 + 𝒉𝒉𝒘𝒘�  (5.2) 
𝐅𝐅𝐝𝐝 = 𝐏𝐏𝐏𝐏  (5.3) 
where:  
𝑷𝑷 =  Pressure 
𝝆𝝆 =  Density of air, 0.75 𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓3
  
𝑪𝑪𝒅𝒅 =  Drag coefficient, 1.64 
𝐕𝐕 =  Wind velocity 
𝒘𝒘 =  Width of sign, 6.64 ft.  
𝒉𝒉 =  Height of sign, 14.85 ft.  
𝑭𝑭𝒅𝒅 =  Drag force 
𝑨𝑨 =  Area of the sign, 98. 6 ft2  
 
The strain distribution through the I-Section at the base of the post was evaluated for pairs of 
gages at the N and S flange tips. Evaluating the strain distribution across the section instead of 
comparing expected strains to individual strain measurements reduced the likelihood of forming a 
conclusion based on data from a potentially faulty individual gage reading. A map of the strain 
distribution was developed from the measured strains that extended from flange tip to flange tip 
across the section. The expected static strains were computed at the center of each flange. Strains 
on opposite flanges of the same post were assumed to be equal and opposite, with a linear 
distribution in strain across the section. Zero strain was expected at the center of the web (i.e., 
neutral axis).  
Figure 5.8 illustrates the force history for Wind Event 11/09 at 0553 and the corresponding strain 
in gages located on the north flange of the respective posts. The measured strains clearly 
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exhibited trends like those observed in the forces calculated in each post. The markers located on 
the plot represent the points in which the change in strain was evaluated in the I-Section. 
Expected static strains were computed as described previously, and the change in measured strain 
was determined by simply taking the difference in the measured strains at the two points. 
The black markers shown in Figure 5.8 mark the locations for the change in force resulting in the 
change in strain shown in Figure 5.9. In Figure 5.9, the red line corresponds to gages on the west 
flange tips of the section, the green line corresponds to gages on the east flange tips of the section, 
and the black line corresponds to the estimated, or calculated, strain at the center of the flanges. 
Although gages did exist at the center of the flanges, data from this event was taken while gages 
from Group 3 were connected to the logger. Consequently, for this event no measured data was 
available for strain at the center of the flanges. The subset image within Figure 5.9 shows the 
location of each strain measurement in the cross section. The south flange of the section is located 
at an x-value of -4 in. and the north flange is located at an x-value of 4 in. on the plot. The 
measured strains at the north flange of the east support were located at an adjusted x-value of 3.6 
in. due to adjustments made in the field to avoid conduit on the north flange of the east post. Error 
bars of ±3 𝜇𝜇𝜇𝜇 are shown on all calculated values. Error bars were always placed on the calculated 
values because the measured strains were expected to be within the bounds of the calculated 
strains considering the resolution of the data (i.e.,  ±3 𝜇𝜇𝜇𝜇). 
For primarily normal wind loading assuming there is no change in axial load in the post, the 
distribution of changes in strain in the I-Section should be symmetrical about the centroid of the 
section. Strains on the flange closest to the oncoming wind should be in the greatest tension and 
strains on the other flange should be in greatest compression. The strain distribution in Figure 5.9 
shows the south flange in compression, i.e., a negative change in strain, and the north flange in 
tension for all measured and expected strains, which was logical for the wind loading direction 
observed in this event. Also note that strains measured on the west flange tips (circled in red) and 
the east flange tips (circled in green) crossed within ±3 𝜇𝜇𝜇𝜇 of zero-strain at the center of the I-
section suggesting that the measured strain distribution within the I-section was indeed 
symmetrical in magnitude. In both the east support and the west support the measured strains (red 
and green) were not within the ±3 𝜇𝜇𝜇𝜇 of the expected static strains (black).  
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Figure 5.10 was developed using the change in strain computed for the change in force 
corresponding to the gray markers shown in Figure 5.8. In this case, the measured and estimated 
strains also exhibited compression on the south flange and tension on the north flange. The 
magnitude of the measured strains at the center of the I-section were again within ±3 𝜇𝜇𝜇𝜇 of zero 
strain at the center of the I-section suggesting that the measured strain distribution within the I-
section was symmetrical in magnitude. However, the difference between the estimated strains 
(black) and the measured strains (red and green) for this change in force was much larger than 
seen previously in Figure 5.9.  
A simple dynamic analysis of the DMS was conducted (i.e., second model) to determine if the 
difference in strains between the predicted and measured results assuming the static behavior 
could be attributed to dynamic effects. The dynamic model encompassed other factors that affect 
the strains in the supports, such as the inertia of the sign and support posts. The simple dynamic 
model was developed assuming a fixed-free support condition and two posts of equal height. The 
two posts instrumented in the field were not the same length, but this assumption simplified the 
model and served as a good initial comparison with the experimental data. The mass of the sign 
was applied to the finite rectangular prism with dimensions of the of the sign panel as shown in 
Figure 5.11. The model was developed using the Assumed-Modes Method (5.4). The post was 
assumed to follow the deformed shape of a vertical cantilever with a point load at the free end as 
shown in Figure 5.11. For use as a shape function, the deformation function was normalized such 
that the displacement at the free end of the cantilever was equal to one. The final equation of 
motion is given by (5.5). The equation of motion was converted to a state space formulation and 
Simulink was then employed to solve for the time-dependent function, 𝑞𝑞(𝑡𝑡), based on the applied 
forcing function, 𝐹𝐹(𝑡𝑡), computed from the experimental wind data. The longitudinal strain history 
in the flange of the I-section nearest to the oncoming wind was then computed using (5.6). 
𝐯𝐯(𝐱𝐱, 𝐭𝐭) =  𝛙𝛙(𝐱𝐱)𝐪𝐪(𝐭𝐭)  (5.4) 
�
𝟑𝟑𝟑𝟑
𝟏𝟏𝟏𝟏𝟏𝟏
𝑴𝑴𝒕𝒕 + 𝑴𝑴𝒔𝒔 �𝟏𝟏 + (𝒘𝒘𝟐𝟐 + 𝒉𝒉𝟐𝟐) � 𝟑𝟑𝟐𝟐𝑳𝑳�𝟐𝟐�� ?̈?𝒒(𝒕𝒕) + 𝒄𝒄?̇?𝒒(𝒕𝒕) + �𝟑𝟑𝑬𝑬𝑰𝑰𝑳𝑳𝟑𝟑 − 𝒈𝒈 �𝟏𝟏𝟒𝟒𝑴𝑴𝒔𝒔+𝟏𝟏𝟏𝟏𝑴𝑴𝒕𝒕𝟏𝟏𝟏𝟏𝑳𝑳 �� 𝒒𝒒(𝒕𝒕) = 𝑭𝑭(𝒕𝒕)  (5.5) 
𝛆𝛆𝐱𝐱𝐱𝐱 = 𝐲𝐲𝐯𝐯′′ = 𝐲𝐲𝛙𝛙′′(𝐱𝐱)𝐪𝐪(𝐭𝐭) = 𝐲𝐲 � 𝟑𝟑𝐋𝐋𝟐𝟐 − 𝟔𝟔𝐱𝐱𝟐𝟐𝐋𝐋𝟑𝟑� 𝐪𝐪(𝐭𝐭)  (5.6) 
41 
 
where: 
𝒗𝒗(𝒙𝒙, 𝒕𝒕) =  Lateral displacement as a function of space and time 
𝛙𝛙(𝐱𝐱) =  Shape function 
𝐪𝐪(𝐭𝐭) =  Time function 
𝑴𝑴𝒕𝒕 =  Mass of the support post, 48 𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓  
𝑴𝑴𝒔𝒔 =  Mass of the sign, 1414 lb.  
𝒘𝒘 =  Width of sign, 14.85 ft.  
𝒉𝒉 =  Height of sign, 6.64 ft.  
𝑳𝑳 =  Length of post, from base plate to the bottom of the sign, 9.29 ft. 
𝒄𝒄 =  Damping coefficient, assumed 2% damping 
𝑬𝑬 =  Elastic modules of steel post, 29000 ksi 
𝑰𝑰 =  Moment of inertia in the strong axis for W8x24 post, 82.7 in4 
𝒈𝒈 =  Gravity constant 
𝑭𝑭(𝒕𝒕) =  Forcing function due to wind loading 
𝛆𝛆𝐱𝐱𝐱𝐱 =   Longitudinal strain on the flange of the support post 
𝐲𝐲 =  Distance from centroid of I-Section to exterior flange edge, 3.96 in  
 
The response history results of the strain computed using the analytical dynamic model could not 
be directly compared to the measured strains without first removing the transient response of the 
model and then adjusting both the measured data and the predicted strains such that they had the 
same initial strain. The results of the dynamic model were dependent upon the initial conditions 
applied to the model, but because the wind loading before the wind event began was unknown, it 
was not possible to apply the same initial conditions observed in the field to the model. Instead, 
the transient response of the dynamic model, approximately the first 10 seconds of the simulation, 
was removed from both the simulated strain history and the measured strain history to remove the 
effects of the initial conditions from all strains. The measured strains and predicted strains were 
then compared by adjusting the initial value of the data sets such that the first point of each 
response history was set to zero after the initial condition effect had been eliminated. Adjusting 
the zero-value of the data sets removed the effects of temperature change and prior wind loading 
from the magnitude of the measured data so that the fluctuation in the measured strains could be 
compared directly with the fluctuation in strains predicted by the simple dynamic model. 
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Figure 5.12 displays the response history of the measured and predicted strains for Wind Event 
11/09 at 0553. The strains predicted by the dynamic model include the ±3𝜇𝜇𝜇𝜇 error expected in 
the measured strains. The strains predicted by the dynamic model observe trends very similar to 
those seen in the measured strains. Measured strains are within ±3𝜇𝜇𝜇𝜇 of the dynamic prediction 
for the east post. The measured strains are very close to the strains predicted by the dynamic 
model in the west post, but some measured strains exceed the error bars on the dynamic 
prediction. The small misalignment between the measured and predicted dynamic strains in the 
west post is likely due to the dynamic model assuming two posts of equal length.   
The measured strain distribution previously shown in Figure 5.10 was compared to the strain 
distribution predicted by the dynamic model in Figure 5.13. As seen in Figure 5.13, the strain 
distribution predicted by the dynamic model (pink) aligns much better with the measured strains 
(green and red) than those strains predicted via the static model (black). Based on the improved 
fit of the strains predicted by the dynamic model, it was determined that a dynamic FEM model 
was needed to accurately simulate the strains in the DMS support structure. 
 Implications of Dynamic Model 
The improved fit of the strains predicted by the simple dynamic model over those predicted by 
the static model had important implications for the analysis of the DMS. First, considering the 
effects of the inertia was important in the development of the response of the structure. Without 
considering the inertia, i.e., the static model, the strains predicted did not align well with the 
measured data. The large mass of the DMS compared to signs typically placed on the Type A 
support structure was a key concern for this research, and the improved fit of the strains predicted 
by the simple analytical dynamic model implied that the mass of the DMS had a significant role 
on the response of the structure. In the case presented here, the improved fit of the strains 
predicted by the simple analytical dynamic model implied that the mass of the DMS was 
beneficial in reducing the response in the DMS. It should be emphasized that this is not always 
true. The effects of the mass on the field DMS and other variations of the DMS in service is 
explored further in Chapter 6.  
Although the strains predicted by the dynamic model were smaller than those estimated by the 
static model, it did not imply that fatigue was a non-concern in the DMS. Strains within the 
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friction fuse connection evaluated under different wind loading conditions may still correspond to 
fatigue stresses beyond the fatigue stress limit. The response of the DMS structure under different 
wind loading conditions was explored in Chapter 6. In addition, the dynamic amplification of the 
strains needed to be considered. Wind loading near the natural frequency of the sign could result 
in resonance and increased stresses in the support structure. Future simulations done with the 
validated FEM model, see Chapter 6, were consequently done at a sampling rate large enough to 
capture any potential amplification of the stresses due to resonance.  
Utilizing a dynamic FEM model also required the use of dynamic wind loading functions as 
inputs to the model. A static wind speed and corresponding static pressure could not be used to 
accurately simulate the wind loading on the model. Instead, pressure functions were developed 
directly from wind loading events measured in the field, as well as through appropriate wind 
spectrum. Wind loading events measured in the field were used to validate the FEM model. Wind 
spectrum were used to generate random wind speed histories possible within the state of 
Minnesota to evaluate the fatigue stress range in the friction fuse connection.  
5.2   Numerical Model Validation 
The FEM model of the sign structure was developed by others on the research team to evaluate 
the fatigue stress generated in the DMS friction fuse connection during wind loading. Abaqus 
(version 6.13) was used to create the structural model of the DMS and Type A structural support 
system shown in Figure 5.14. Three main components made up the model; the friction fuse 
connection, the support posts, and the sign panel. The friction fuse connection was modeled as a 
separate detailed three-dimensional component because the friction fuse connection, specifically 
the fuse plate, was most likely to feature stress concentrations of interest to evaluate potential 
fatigue issues. The support posts were modeled using standard Hermite beam elements and the 
panel was modeled using standard four-node shell elements. The sign was assumed to act as a 
rigid plate. Constraints were applied between each of the components to ensure the posts and sign 
acted together under loading. A coupling constraint was used to tie displacements between the 
post and the panel together. The model was linear elastic, and all structural components were 
modeled using ASTM A36 steel. A damping ratio of 2% was assumed for all dynamic analyses 
with the model.  
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The three-dimensional friction fuse connection model was run separately from the overall 
structural model to reduce computational costs. Stresses in the friction fuse connection were 
simulated by applying tractions over the inner surface of the plates in contact with the post. These 
tractions simulated the friction forces in the connection and were produced using the moment and 
shear generated in the main structural model at the connection location. There was a visible gap 
between the two post segments spliced by the friction fuse connection. Consequently, all axial 
and shear load was transferred through the connection by the two plates alone. Bending in the 
plates due to the eccentric loading was prevented by displacement constraints that prevented the 
plates from pulling away from the post. The stress distribution within the friction fuse plate for a 
unit traction is shown in Figure 5.15 for a moment acting about the strong-axis of the post and in 
Figure 5.16 for a moment acting about the weak axis of the post. Note that in both Figure 5.15 
and Figure 5.16 the tractions were not applied over the center strip of the plate where the splice 
between the two posts would be.  
 Comparison with Field Data 
The FEM model of the DMS was validated using the data collected in the field. The 
accelerometer data were used to compute the frequency response of the structure. Natural 
frequencies and mode shapes predicted by the FEM model are given in Figure 5.17. The first 
natural frequency of the field DMS was found to vary from 3 Hz to 4 Hz. Figure 5.18 illustrates 
the variation in the first and second natural frequencies of the structure with changing air 
temperature. Based on the trends observed in Figure 5.18, it was hypothesized that the natural 
frequency of the sign increased with colder temperatures and decreased with warmer 
temperatures. During colder temperatures the ground was assumed to freeze, resulting in a stiffer 
connection at the base and an increased first natural frequency. The fluctuations in the natural 
frequencies implied that the connection at the base of the DMS support structure was brought 
closer to a fixed condition when the ground froze.  
The variation in the fixity of the base connection with temperature was not possible to capture 
with the FEM model with one consistent post height. To utilize a fixed condition at the base of 
the support posts of the FEM model, the posts needed to be elongated to achieve the flexibility of 
the base connection observed in the field DMS. The model was adjusted such that the first natural 
frequency was approximately 3.2 Hz. A first natural frequency of 3.2 Hz was chosen because it 
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was close to the natural frequency observed when the ground was not frozen, which was true for 
most of the critical wind events analyzed, specifically those recorded earlier when the FEM 
model was being developed. The wind also has a lower frequency content, so utilizing the lower 
natural frequency of the structure was a conservative approach. Length was added through an 
iterative process until the desired first natural frequency was achieved. A natural frequency of 3.2 
Hz was achieved in the FEM model by adding an additional 3 ft. of length to each post, beyond 
the length of the post measured aboveground in the field. The support posts of the DMS were 
embedded approximately 12 ft. into the ground (Kimley Horn, MnDOT, 2015), so it was thought 
that the added 3 ft. of length was a reasonable approach to simulating the dynamic response of the 
field DMS with a fixed base in the model. Note that all previous models in Section 5.1.2 were 
done with the length of the posts measured aboveground. Only, the FEM post length was 
extended to reflect the flexibility of the base connection observed in the field.  
Strains from the FEM analysis and measured field data were compared for multiple wind events. 
The results of the comparison for Wind Event 11/09 at 0553 are shown in Figure 5.19 through 
Figure 5.25. Note that during the temperature conditions under which Wind Event 11/09 at 0553 
occurred, the field DMS had a predominant first frequency of 3.3 Hz, which aligned closely with 
the first natural frequency of the model. Strains in the FEM model were produced using pressure 
history functions computed from the normal component of the wind speed data for each critical 
wind event. All pressure functions and strains generated in the FEM model had a sampling rate of 
1 Hz because wind loading from the field was not known at a faster sampling rate. To properly 
compare the FEM strains to the measured strains, both sets of strains were scaled and the effects 
of the initial conditions, approximately the first 50 seconds of the simulation, were removed. 
Adjustments to the zero-value were done as previously described in Section 5.1.2 with the simple 
dynamic analytical model. Note that strains in the FEM model were sampled at a single point that 
aligned with the center of the strain gage instead of averaged over the area the strain gage 
covered. Consequently, strains sampled from the FEM model could be more extreme than those 
measured in the field. This was appropriate for evaluating the fatigue life and was considered 
sufficient for validation. The FEM strains are shown with ±3𝜇𝜇𝜇𝜇 error bounds. These error bounds 
reflect the resolution of the measured field strains based on the noise levels observed in the 
coupons.  
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The measured strains at the base of the support posts are compared to the strains from the FEM 
model in Figure 5.19 through Figure 5.22. The measured strains aligned well with the strains 
from the model and are generally within the ±3𝜇𝜇𝜇𝜇 error bounds. The measured strains of the east 
post, north center flange shown in Figure 5.21 just exceeded the error bounds relative to the FEM 
strains. This was hypothesized to be because of the conduit located on this portion of the support 
post. The conduit forced the relocation of the gage slightly off the center of the I-section and onto 
the inner face of the flange. Because the conduit was not modeled, potential damping effects may 
be present that were not considered in the model. Overall it was found that the FEM model 
adequately aligned with the strains measured at the base of the supports for primarily normal 
loading.  
Figure 5.23 through Figure 5.26 compare the strains measured in the friction fuse connection with 
those obtained from the FEM model at the same location. Although multiple strain gages were 
placed on the friction fuse and hinge plates in the field, only a few gages recorded strains related 
to the mechanical response of the structure. Many gages measured only noise, with trends like 
those seen in the coupons not located on the structure. The reason for this discrepancy is not 
known. One hypothesis is that the grinding performed during the installation of the gages may 
have reduced the quality of the bond between the gage in the plate surface. These gages were 
ignored in the validation of the friction fuse connection.   
Figure 5.23, Figure 5.25, and Figure 5.26 show good correlation between the measured strains 
and the strains obtained from the FEM model. The measured strains in Figure 5.23 and Figure 
5.25 were very small, and well within the noise of the gages.  However, the trends and magnitude 
observed in the measured and simulated strains were very similar. The measured strains in Figure 
5.26 exceeded the expected noise of the gage and aligned well with the strains from the FEM 
model. Figure 5.24 does not exhibit strains of the same magnitude as those of the FEM model. 
The general trend in the FEM strains did, however, feature some of the characteristics of the 
measured strains. As seen in Figure 4.2, the gage associated with the measured data shown in 
Figure 5.24 (west post) was located on the friction fuse slightly higher than the gage associated 
with the measured data shown in Figure 5.26 (east post). Based on the stress distribution in the 
fuse plate shown in Figure 5.15, it seems likely that the strain measured by the gage shown in 
Figure 5.24 (located in the light blue zone in Figure 5.15) would be less than the strain measured 
by the gage in Figure 5.26 (located in the yellow zone in Figure 5.15). For both Figure 5.24 and 
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Figure 5.26 the strains in the FEM model were sampled from the very center of the plate, which 
explains the alignment between the FEM model strains and measured strains in Figure 5.24 when 
the gage was centered and not in Figure 5.26 when the gage was slightly above the center of the 
plate.   
The behavior of the FEM model under tangential loading was verified using field data from a 
primarily tangential event, Event 11/30 at 0035. Similar to the validation for normal wind 
loading, strains in the FEM model were produced using pressure history functions computed from 
the appropriate component of the wind speed data. All pressure functions and strains generated in 
the FEM model had a sampling rate of 1 Hz because wind loading from the field was not known 
at a faster sampling rate. Both sets of strains were adjusted as described previously in Section 
5.1.2 and the effects of the initial conditions, approximately the first 50 seconds of the simulation, 
were removed. The FEM strains are shown with ±3 𝜇𝜇𝜇𝜇 error bounds. These error bounds reflect 
the resolution of the measured field strains based on the noise levels observed in the coupons.   
Figure 5.27 and Figure 5.28 compare the strains measured at the base of the support with strains 
obtained from the FEM model when only the tangential component of the pressure for Wind 
Event 11/30 at 0035 was considered. In both Figure 5.27 and Figure 5.28 the strains measured in 
the field are significantly larger than those from the FEM analysis. It was hypothesized that the 
normal component of the pressure controlled the response of the structure because of the surface 
area of the sign in the normal direction was much larger than that in the tangential direction.  
Figure 5.29 and Figure 5.30 compare the strains measured in the field with those obtained from 
the FEM model when both the tangential and normal component of the wind loading were 
considered. To do this, tangential and normal loading functions for Wind Event 11/30 at 0035 
were applied to the FEM model separately and then the resulting strains in the FEM model were 
combined in Figure 5.29 and Figure 5.30. Strains measured in the field are much closer to those 
predicted by the FEM model when the normal component of the wind pressure is considered. 
This is clearly seen in Figure 5.30 for the base of the east post. Strains measured in the base of the 
west post, Figure 5.29, are still slightly larger than those predicted by the FEM model. Wind 
Event 11/30 at 0035 features winds from the west and any shedding occurring around the 
structure would produce larger strains in the post closest to the oncoming wind (west post) that 
could not be captured by the FEM model without considering fluid-structure interaction using a 
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computational fluid dynamics (CFD) model. Consequently, it seems logical that the strains 
measured at the base of the west post would be slightly larger than those obtained from the FEM 
model.  
Strains in the friction fuse connection of the FEM model were also sampled for combined normal 
and tangential wind loading. Figure 5.31 through Figure 5.34 compare strains measured in the 
field at the friction fuse connection with those obtained from the model for combined tangential 
and normal loading. The alignment between the FEM strains and those measured in the field is 
quite good for gages located at the center of the fuse plate as seen in Figure 5.32 (recall this gage 
is not positioned exactly centered on the plate) and Figure 5.34, however the strain measured in 
gages located at the edge of the plate where tangential loading was thought to control was 
significantly overestimated by the FEM model as seen in Figure 5.31 and Figure 5.33. Recall, 
these gages had previously only registered noise when validating the model under primarily 
normal wind events and they were considered unreliable for direct comparison with the model.  
To determine if the normal component of the wind loading did indeed control the analysis, Figure 
5.35 and Figure 5.36 (base of posts) and Figure 5.37 to Figure 5.40 (friction fuse plate) compare 
the field and FEM model strains when only the normal component of the wind loading for Wind 
Event 11/30 at 0035 was considered. The correlation between the measured strains and those in 
the FEM model at the base of the support when only normal loading was considered is similar to 
the correlation when both the tangential and normal component of the wind loading was 
considered, implying the normal component of the wind loading did control the response. 
Measured strains and strains produced in the FEM model were much closer in the friction fuse 
plate when only the normal component of the wind loading was considered. The improvement is 
clearly seen by contrasting Figure 5.37 and Figure 5.40 with Figure 5.31 and Figure 5.33. The 
gages compared in these figures, however, were considered unreliable. The true response at the 
outer edge of the plate is unclear.    
Limited field data were available for comparison with the FEM model in the friction fuse 
connection. One of the two gages on the friction fuse plate was not completely centered on the 
fuse plate and was consequently not in the location of greatest strain in the fuse plate under 
normal wind loading. The strains produced in the FEM model aligned well with the strains of the 
single gage positioned correctly. Through the tangential validation of the FEM model it was 
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found that the normal component of the wind loading controlled the response of the structure. 
When only the normal component of the tangential wind event was considered, the strains in the 
FEM model compared reasonably well with the strains measured in the field. Strains in the FEM 
model when the tangential component of the pressure was considered overestimate the strains in 
the friction fuse connection for locations near the edge of the fuse plate. The gages in these 
locations, however, were considered unreliable. The FEM model was considered validated, based 
on the strong alignment between the strains in the FEM model and measured strains at the base of 
the supports as well as the alignment between the available field data at the friction fuse 
connection and the strains at the friction fuse connection of the FEM model. Future research 
should work to confirm the strains in the friction fuse connection at the edge of the fuse plate 
under primarily tangential loading.   
All comparisons between the strains in the FEM model with those measured in the field were 
done at a sampling rate of 1 Hz, which was not sufficient to capture any potential dynamic 
amplification that could be occurring in the structure. A sampling rate of at least 10 Hz would be 
needed to capture resonance at the natural frequency of the field DMS. A loading rate at this 
frequency was not possible due to the limited sampling rate of the anemometer used in the field. 
Strain data from the field was observed at 1 Hz and at 10 Hz to determine if the amplification of 
the amplitude of the strains on the support structure at 10 Hz compared to those measured at 1 Hz 
exceeded the amplification observed for the same sampling rates for the strains on the coupons. If 
the amplification of the strains measured by the gages on the support structure exceeded those 
measured by the gages on the coupons, then resonance behavior, and not just amplified noise, was 
present. It was found that the amplification between strains at 10 Hz and at 1 Hz for gages on the 
support structure was similar to those gages on the coupons. This implied that the validation for 
the FEM model done at 1 Hz was suitable for use at larger sampling frequencies.  
Resonance behavior due to vortex shedding, or lock-in, was also not considered during the 
comparison between the strains in the FEM model and those measured in the field. Vortex 
shedding occurs under specific conditions, generally between 10 and 35 mph, and is highly 
dependent on the shedding frequency of the structure (Kaczinski, Dexter, & Van Dien, 1998). 
The Strouhal number (5.7) can be used to estimate the wind velocity under which vortex shedding 
is likely to occur. Experimental testing done at SAFL was not performed for the DMS, so the 
shedding frequency and Strouhal number of the DMS were not known. A Strouhal number of 0.2 
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was considered appropriate for a rectangular panel, and the natural frequency of the DMS was 
used as an estimate for the shedding frequency (Kaczinski, Dexter, & Van Dien, 1998). The 
velocity required for lock-in could then be calculated for both tangential and normal loading 
based on the horizontal length across the sign panel in each direction.  
𝑺𝑺𝒕𝒕 = 𝒇𝒇𝒔𝒔 𝑳𝑳𝒖𝒖 = 𝟏𝟏.𝟐𝟐  (5.7) 
where: 
𝑺𝑺𝒕𝒕 =  Strouhal number 
𝒇𝒇𝒔𝒔 =  Shedding frequency, assumed 3.2 Hz 
𝑳𝑳𝒅𝒅 =  Horizontal length across section 
𝒖𝒖 =  Homogeneous upstream velocity 
 
For normal wind loading, the horizontal length was taken as 97.25 in. resulting in a wind velocity 
of 88.4 mph (39.5 m/s). For tangential wind loading, the horizontal length was taken as 17.75 in. 
or 25.75 in. resulting in a wind velocity of 16 mph (7.2 m/s) and 23.5 mph (10.5 m/s) 
respectively. The two different lengths in the tangential direction considered the horizontal length 
of the sign panel alone (17.75 in.) and the horizontal length of the sign panel including the extent 
of the attached support posts (25.75 in.). Wind speeds required to produce lock-in in the normal 
direction were well beyond the acceptable range for vortex shedding, but required speeds in the 
tangential direction were within the target range of 10 to 35 mph. The required speeds in the 
tangential direction were also within the typical wind speed range exhibited in the field. 
Consequently, although lock-in has not previously been a problem for structures with attached 
signs (Garlich & Thorkildsen, 2005), lock-in could be a plausible cause for wind-induced 
vibrations in the DMS for wind in the tangential direction. Further research is needed to 
understand the impact of vortex shedding on the response of the DMS. Experimental work at 
SAFL is recommended. Analysis done in this thesis was done neglecting the effects of vortex 
shedding because the FEM model utilized could not account for the effects of fluid-structure 
interaction, and a computational fluid dynamics (CFD) model was not considered in the original 
scope of the work related to the DMS.  
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5.3   Summary 
The FEM model of the Type A structural support system was validated using data from the field.  
Based on the analysis of the strains at the base of the support it was determined that a dynamic 
FEM model would more accurately capture the response of the structure under wind loading than 
a static model. Consequently, the potential for dynamic amplification of stresses in the structure 
were considered in future analyses with the dynamic FEM model. Strains obtained from the FEM 
model near the base of the support post and at the friction fuse connection were compared to 
strains measured in the field at the same locations. The measured strains and those obtained from 
the FEM model aligned well when the normal component of the wind loading was considered. 
The normal component of the wind loading was found to control the response of the structure 
even under primarily tangential wind events. Several gages in the friction fuse plate gave results 
that were considered unreliable. The FEM model was considered validated based on the available 
instrumentation. Future research is needed to verify the behavior of the fuse plate under primarily 
tangential loading and to investigate the impact of vortex shedding on the response of the DMS.  
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Figure 5.1 – Wind rose and wind speed history for critical wind events 11/01 at 1506 through 11/09 at 
1506 
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Figure 5.2 – Wind rose and wind speed history for critical wind events 11/10 at 1608 through 12/04 at 
2321 
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Figure 5.3 – Wind rose and wind speed history for critical wind events 12/05 at 1321 through 12/13 at 
1038 
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Figure 5.4 – Average daily air temperature throughout data collection period 
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Figure 5.5 – Behavior of support gage and coupon during wind loading (for 11/09 at 0553) 
 
Figure 5.6 – Strain amplitude in coupons at 1 Hz sampling rate for critical events 
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Figure 5.7 – Beam models used to estimate strain in the support posts 
 
Figure 5.8 – Calculated force in each post compared to measured strain at base of each post (11/09 at 
0553) 
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(a) Strain distribution in west support 
 
 
(b) Strain distribution in east support 
Figure 5.9 – Strain distribution through I-section for change in force between black markers (Figure 
5.8) 
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(a) Strain distribution in west support 
 
 
(b) Strain distribution in east support 
Figure 5.10 – Strain distribution through I-section for change in force between gray markers (Figure 
5.8) 
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Figure 5.11 – Assumptions for dynamic model 
 
Figure 5.12 – Measured strain compared to predicted strain of dynamic model 
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(a) Strain distribution in west support 
 
 
(b) Strain distribution in east support 
Figure 5.13 – Updated strain distribution through I-section for change in force between gray 
markers (Figure 5.8) 
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Figure 5.14 – DMS FEM model with friction fuse connection (with permission Lam Nguyen, 2018) 
 
 
Figure 5.15 – Stress distribution in the fuse plate for moment acting about the strong axis of the 
support post (with permission Lam Nguyen, 2018) 
(a) Loading (b) Stress on internal face (c) Stress on external face 
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Figure 5.16 – Stress distribution in the fuse plate for moment acting about the weak axis of support 
post (with permission Lam Nguyen, 2018) 
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Figure 5.17 – DMS FEM model natural frequencies and mode shapes (with permission Lam Nguyen, 
2018) 
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Figure 5.18 – Natural frequency variation with temperature 
 
Figure 5.19 – Strains from FEM model and experimental strains in north center flange at base of 
west support post 
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Figure 5.20 – Strains from FEM model and experimental strains in south center flange at base of 
west support post 
 
Figure 5.21 – Strains from FEM model and experimental strains in north center flange at base of east 
support post 
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Figure 5.22 – Strains from FEM model and experimental strains in south center flange at base of east 
support post 
 
 
Figure 5.23 – Strains from FEM model and experimental strains in west friction fuse plate, SG 60 
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Figure 5.24 – Strains from FEM model and experimental strains in west friction fuse plate, SG 62 
 
 
 
Figure 5.25 – Strains from FEM model and experimental strains in east friction fuse plate, SG 70 
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Figure 5.26 – Strains from FEM model and experimental strains in east friction fuse plate, SG 72 
 
Figure 5.27 – Strains from FEM model in response to only the tangential pressure component and 
experimental strains in east tip of south flange of west post  
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Figure 5.28 – Strains from FEM model in response to only the tangential pressure component and 
experimental strains in west tip of north flange of east post 
 
Figure 5.29 – Strains from FEM model in response to the combined tangential and normal pressure 
components and experimental strains in east tip of south flange of west post  
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Figure 5.30 – Strains from FEM model in response to the combined tangential and normal pressure 
components and experimental strains in west tip of north flange of east post 
 
Figure 5.31 – Strains from FEM model in response to the combined tangential and normal pressure 
components and experimental strains in west friction fuse plate, SG 61 
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Figure 5.32 – Strains from FEM model in response to the combined tangential and normal pressure 
components and experimental strains in west friction fuse plate, SG 62 
 
Figure 5.33 – Strains from FEM model in response to the combined tangential and normal pressure 
components and experimental strains in east friction fuse plate, SG 71 
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Figure 5.34 – Strains from FEM model in response to the combined tangential and normal pressure 
components and experimental strains in east friction fuse plate, SG 72 
 
Figure 5.35 – Strains from FEM model in response to only the normal pressure component and 
experimental strains in south flange of west post 
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Figure 5.36 – Strains from FEM model in response to only the normal pressure component and 
experimental strains in north flange of east post 
 
Figure 5.37 – Strains from FEM model in response to only the normal pressure component and 
experimental strains in west friction fuse plate, SG 61 
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Figure 5.38 – Strains from FEM model in response to only the normal pressure component and 
experimental strains in west friction fuse plate, SG 62 
 
Figure 5.39 – Strains from FEM model in response to only the normal pressure component and 
experimental strains in east friction fuse plate, SG 71 
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Figure 5.40 – Strains from FEM model in response to only the normal pressure component and 
experimental strains in east friction fuse plate, SG 72 
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Chapter 6: Fatigue Life of Current DMS System 
The primary objective of the research targeting the DMS structure was to identify the fatigue 
characteristics of the fatigue critical detail, the fuse plate, to assess the fatigue life of the structure. 
The AASHTO 2015 Specification for SLTS recommends fatigue design be done on an infinite 
life basis. Fatigue stresses below the constant amplitude fatigue threshold (CAFT) theoretically 
result in the infinite fatigue life of the structure. The code states that the fatigue demand in a 
support structure can be computed using the equivalent static pressure equations provided in 
Article 11.7 of the AASHTO 2015 Specification for SLTS or using a dynamic analysis in 
conjunction with “appropriate dynamic load functions derived from reliable data” (2015). Infinite 
fatigue life design requires only the CAFT be met for the fatigue sensitive details and the fatigue 
limit-state stress range expected by the structure (Kaczinski, Dexter, & Van Dien, 1998).  
The fatigue design category and corresponding CAFT for the fuse plate is determined in Section 
6.1. The fatigue limit-state stress range and corresponding limit-state wind loading are identified 
in Section 6.2. The dynamic loading functions for the limit-state wind loading used to load the 
dynamic FEM model validated in Chapter 5 are described in Section 6.3. Section 6.4 evaluates 
the limit-state fatigue stress demand in the friction fuse plate using two approaches: (1) using the 
equivalent static pressure equations provided in Article 11.7 of the AASHTO 2015 Specification 
for SLTS and (2) using the dynamic FEM model. The final fatigue life of the DMS structure was 
assessed through comparison of the fatigue limit state demand with the S-N curve for the 
appropriate fatigue detail category.  
6.1   Fatigue Stress Limit 
The AASHTO 2015 Specification for SLTS, its interims, and previous research currently do not 
address fatigue design for the DMS structure. The friction fuse connection, which is considered 
the fatigue sensitive detail within the DMS support system, is not present in the fatigue sensitive 
details catalogued in Table 11.9.3.1-1 of the AASHTO 2015 Specification for SLTS and its 
interims. Details 2.1 and 2.2 of Table 11.9.3.1-1 refer to mechanically fastened connections 
relevant to the DMS friction fuse connection. However, the prominent feature of the friction fuse 
connection, the open holes, is not accounted for in these fatigue sensitive details.  
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Further exploration for an appropriate CAFT for the friction fuse connection was done using the 
AASHTO LRFD Bridge Design Specification (6th Edition) with 2012 and 2013 interims. Table 
6.6.1.2.3-1 of the AASHTO LRFD Bridge Design Specification lists detail categories for load-
induced fatigue. An excerpt from Table 6.6.1.2.3-1 is shown in Figure 6.1. Detail 1.5 refers to 
open holes in members. The detail is classified as Category D with a corresponding CAFT of 7.0 
ksi. Brown et al. performed the research used to establish the CAFT associated with this detail 
(2007).  
The research done by Brown et al. explored the effects of the hole manufacturing process on the 
strength, ductility, and fatigue performance of structural steel plates and connections. Figure 6.2 
illustrates the fatigue results of plate specimens with open holes from research specifically done 
by Brown et al. as well as previous research done by others (Alegre, Aragon, & Gutierrez-Solana, 
2004; Brown, Lubitz, Cekov, Frank, & Keating, 2007; Gutierrez-Solana, Pesquera, & Sanchez, 
2004; Rassati, Swanson, & Yuan, 2004). In Figure 6.2 data marked as “Other-Punched” or 
“Other-Drilled” was not the work of Brown et al. The results obtained by Brown et al. aligned 
well with the previous research. Based on these findings, fatigue detail Category C was found to 
be an acceptable lower bound for plate specimens with drilled holes and Category D was thought 
appropriate for plate specimens with punched holes. Brown et al. also explored fatigue 
performance in steel connections. Bearing type connections were found to satisfy fatigue detail 
Category C regardless of hole type, and slip-critical connections were found to satisfy Category B 
regardless of hole type. (Brown, Lubitz, Cekov, Frank, & Keating, 2007) 
Galvanization was found to significantly reduce the fatigue performance of the plate specimens. 
Brown et al. recommended that all galvanized plates with open hole connections be classified as 
fatigue Category D (2007). Furthermore, Brown et al. recommended that all bolted connections in 
galvanized structures be taken as Category D, specifically those connections in the highway 
industry where the use of galvanization is prominent and the control of bolt tightening in 
secondary structures, such as sign and signal supports, is not as reliable as in bridge construction 
(2007). Much of the exploration done by Brown et al. on the impact of galvanization was done 
using a previous study by Valtinat and Huhn (2004). Brown et al. did not conduct fatigue tests of 
their own to explore the effects of galvanization (2007), and Valtinat and Huhn only explored the 
effects of galvanization in steel plates with open holes (2004).  
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The DMS friction fuse connection contained a combination of pre-tensioned bolted connections 
and open holes. The connection was galvanized and assumed to be manufactured with punched 
holes. Based on the recommendations of Brown et al. and the AASHTO LRFD Bridge Design 
Specification, fatigue Category D and a corresponding CAFT of 7.0 ksi were used in the 
evaluation of the fatigue life of the DMS supports.  
6.2   Limit-State Wind Loading 
NCRHP 412 was the primary report used to establish the equivalent static pressure equations used 
to compute fatigue design loads for the sign and signal structures specified in the AASHTO 2015 
LRFD specification for SLTS. NCHRP 412 argues that the fatigue limit-state stress range should 
be that with 0.01 percent or less of exceedance (Kaczinski, Dexter, & Van Dien, 1998). This 
argument was based on previous research done by NCHRP 354, which found that premature 
fatigue failure occurred in structures where more than 0.05 percent of cycles had a fatigue stress 
greater than the CAFT and theoretical infinite life resulted when 0.01 percent or fewer of the 
cycles had fatigue stress ranges exceeding the CAFT (Fisher, Nussbaumer, Keating, & Yen, 
1993; Kaczinski, Dexter, & Van Dien, 1998).  NCHRP 412 assumed that the fatigue limit-state 
stress range was produced by the mean hourly wind speed with 0.01 percent exceedance 
(Kaczinski, Dexter, & Van Dien, 1998). In NCHRP Report 469, a follow-up report to confirm the 
methods recommended by NCHRP 412, the fatigue limit-state stress range was also computed 
from the mean hourly wind velocity with 0.01 percent exceedance (Dexter & Ricker, 2002). 
Consequently, the limit-state wind speed for this analysis was based on the mean hourly wind 
speed with 0.01 percent exceedance.  
The limit-state wind speed was estimated from the annual mean wind speed in the region. Figure 
6.3 displays the annual mean wind speed for the state of Minnesota at a height of 262 ft. 
WINDExchange, a resource that shares wind energy information relevant to the installation of 
wind turbines, was used to develop Figure 6.3. Although speeds at 262 ft. are appropriate for 
wind turbine related work, wind speeds at 33 ft. were required for the analysis of the DMS and 
other sign and signal support structures. The annual mean wind speed near the instrumented DMS 
at a height of 33 ft. was determined to be 12.7 mph (5.7 m/s). This speed was calculated using the 
power law (6.1) assuming open coast terrain (Liu, 1991). Open coast terrain was thought to 
conservatively account for terrain conditions during winter when snow on the ground was 
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common, effectively smoothing obstructions in the terrain around the DMS. Using the Rayleigh 
distribution and an annual mean wind velocity of 12.7 mph (5.7 m/s), the mean hourly wind 
speed with 0.01 percent of exceedance was estimated to be 42.5 mph (19 m/s) (Liu, 1991).  
𝑽𝑽(𝒛𝒛) = 𝑽𝑽𝟏𝟏 � 𝒛𝒛𝒛𝒛𝟏𝟏�𝜶𝜶  (Liu, 1991) (6.1) 
where: 
𝑽𝑽(𝒛𝒛) =  Wind velocity at height z, 12.7 mph (5.7 m/s) at 33 ft.  
𝑽𝑽𝟏𝟏 =  Wind velocity at height z1, 15.6 mph (7 m/s) at 262 ft.  
𝜶𝜶 =  Terrain factor, 1
10
 for open coast 
6.3   Dynamic Wind Loading Pressure Functions 
A static wind speed and corresponding pressure were no longer appropriate for the dynamic FEM 
model. Wind speed histories were needed to determine pressure histories to apply to the model. 
Various spectra exist in the literature to simulate wind speeds in the field, with the most 
prominent being the Davenport, Kaimal, and von Karman spectra (Bec, 2010). To determine the 
most appropriate spectra for the Minnesota region, the power spectral density of wind speed data 
collected in the field was compared with the Davenport (6.2), Kaimal (6.5), and von Karman (6.8) 
spectra. The power spectral density of the wind speed data for each of the eight critical wind 
events identified in Chapter 5 was computed independently. Then, the power spectral densities of 
all the critical wind events were averaged together to obtain a more comprehensive description of 
the overall wind behavior in the area. For the field data, only frequency content up to 0.5 Hz was 
available due to the 1 Hz sampling rate of the anemometer. Figure 6.4 displays the averaged 
spectrum from the field data, as well as the non-normalized Davenport, Kaimal, and von Karman 
spectra. The Davenport, Kaimal, and von Karman spectrum were computed in Figure 6.4 using 
the mean wind speed of the eight critical wind events for direct compression with the averaged 
spectrum of the field wind data. Of the three spectra, the Davenport spectrum aligned best with 
the field data. The fit between the Davenport spectrum and the field data, however, was not ideal. 
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𝑺𝑺𝒗𝒗(𝒇𝒇) = 𝟏𝟏𝒙𝒙𝟏𝟏𝟐𝟐𝒖𝒖�∗𝟐𝟐
�𝟏𝟏+𝒙𝒙𝟏𝟏𝟐𝟐�
𝟏𝟏
𝟑𝟑
  (Davenport, 1961) (6.2) 
where: 
𝒖𝒖∗
𝟐𝟐 = 𝒌𝒌𝒖𝒖�𝟏𝟏𝟏𝟏𝟐𝟐  (6.3) 
𝒙𝒙𝟏𝟏 = 𝟏𝟏𝟐𝟐𝟏𝟏𝟏𝟏𝒇𝒇𝒖𝒖�𝟏𝟏𝟏𝟏   (6.4) 
 
𝑺𝑺𝒗𝒗(𝒇𝒇) =  Velocity power spectral density 
𝒌𝒌 =  Terrain coefficient, assumed 0.005 
𝒖𝒖�𝟏𝟏𝟏𝟏 =  Mean hourly wind speed at 33 ft. (10 m) 
𝒇𝒇 =  Frequency 
 
𝑺𝑺𝒗𝒗(𝒇𝒇) = 𝟏𝟏𝟏𝟏𝟏𝟏𝒙𝒙𝒖𝒖∗𝟐𝟐(𝟏𝟏+𝟑𝟑𝟑𝟑𝒙𝒙)𝟏𝟏𝟑𝟑  (Beaupuits, et al., 2004; Bec, 2010) (6.5) 
where: 
𝒖𝒖∗ = 𝒌𝒌𝒖𝒖�𝒛𝒛
𝒍𝒍𝒏𝒏�
𝒛𝒛
𝒛𝒛𝒐𝒐
�
  (6.6) 
𝒙𝒙 = 𝒇𝒇𝒛𝒛
𝒖𝒖�𝒛𝒛
  (6.7) 
 
𝑺𝑺𝒗𝒗(𝒇𝒇) =  Velocity power spectral density 
𝒌𝒌 =  Von Karman’s constant, 0.04 
𝒖𝒖�𝒛𝒛 =  Mean hourly wind speed at height z 
𝒛𝒛 =  Height of spectra, assumed 20 ft. 
𝒛𝒛𝒐𝒐 =  Terrain roughness parameter, assumed 1 ft. 
𝒇𝒇 =  Frequency 
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𝑺𝑺𝒗𝒗(𝒇𝒇) = 𝟐𝟐𝟏𝟏𝒙𝒙𝒖𝒖𝒖𝒖∗𝟐𝟐
�𝟏𝟏+𝟕𝟕𝟏𝟏.𝟕𝟕𝒙𝒙𝒖𝒖𝟐𝟐�𝟏𝟏𝟔𝟔  (Bec, 2010) (6.8) 
where: 
𝒖𝒖∗ = 𝒌𝒌𝒖𝒖�𝒛𝒛𝒍𝒍𝒏𝒏� 𝒛𝒛
𝒛𝒛𝒐𝒐
�
  (6.9) 
𝒙𝒙𝒖𝒖 = 𝑳𝑳𝒖𝒖𝒙𝒙𝒙𝒙  (6.10) 
𝑳𝑳𝒖𝒖𝒙𝒙 = 𝟑𝟑𝟏𝟏𝟏𝟏 � 𝒛𝒛𝟑𝟑𝟏𝟏𝟏𝟏�𝟏𝟏𝒌𝒌  (6.11) 
𝟏𝟏
𝒌𝒌
= 𝟏𝟏.𝟏𝟏𝟑𝟑𝟕𝟕 + 𝟏𝟏.𝟏𝟏𝟑𝟑𝒍𝒍𝒐𝒐𝒈𝒈(𝒛𝒛𝒐𝒐)  (6.12) 
𝒙𝒙 = 𝒇𝒇𝒛𝒛
𝒖𝒖�𝒛𝒛
  (6.13) 
 
𝑺𝑺𝒗𝒗(𝒇𝒇) =  Velocity power spectral density 
𝒌𝒌 =  Von Karman’s constant, 0.04 
𝒖𝒖�𝒛𝒛 =  Mean hourly wind speed at height z 
𝒛𝒛 =  Height of spectra, assumed 20 ft.  
𝒛𝒛𝒐𝒐 =  Terrain roughness parameter, assumed 1 ft. 
𝒇𝒇 =  Frequency 
 
In Figure 6.4 the Davenport spectrum was generated assuming a terrain factor of 0.005 for open, 
unobstructed terrain (Davenport, 1961). In Figure 6.5 the Davenport spectrum was generated 
assuming a terrain coefficient of 0.008, which falls somewhere between Davenport’s terrain 
factors for unobstructed terrain and terrain with low obstructions (Davenport, 1961). The fit 
between the field data and the Davenport spectrum in Figure 6.5 was significantly improved, 
suggesting the terrain near the field DMS falls somewhere between unobstructed terrain and 
terrain with low obstructions. Figure 6.6 displays the averaged power spectral density for field 
events occurring only in December as well as the Davenport spectrum generated assuming a 
terrain factor of 0.005 for open, unobstructed terrain. The alignment between the field data and 
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the Davenport spectrum in Figure 6.6 was quite good, suggesting that the terrain of the region 
varies with conditions such as snow, which likely smooth obstructions near the DMS.  
Based on the strong alignment of the Davenport spectrum with the field data when the 
appropriate terrain coefficient was selected, the Davenport spectrum was used to generate the 
wind speed and subsequent pressure functions for use with the dynamic FEM model. A terrain 
coefficient of 0.005 for open, unobstructed terrain was used in the analysis because this would 
produce the greatest wind speeds and reflects the most conservative conditions in the region. A 
mean hourly wind speed of 42.5 mph (19 m/s) at 33 ft. was used in the Davenport spectrum. This 
is the limit-state fatigue wind loading found in Section 6.2 at the height of the DMS.  
Wind speed functions were generated using Simulink and a shaping filter resembling the 
Davenport spectrum. The filter, designated “Davenport filter” herein, was applied to a white noise 
input with unit covariance to produce a zero-mean wind speed history with variance appropriate 
for the applied Davenport spectrum. The non-normalized Davenport spectrum shown in Figure 
6.4 through Figure 6.6 is given in spectral density units, which in this case are units for velocity 
squared per frequency. To obtain the correct units of velocity for the zero-mean wind speed 
history, the Davenport filter was developed by curve fitting to the square root of the Davenport 
spectrum (Gawronski, 2002). The simulation model and Davenport filter are described in Figure 
6.7.  
Figure 6.8 compares the Davenport filter and the desired Davenport spectrum, while Figure 6.9 
compares the Davenport spectrum and the power spectral density (PSD) of the wind speeds 
generated using the Davenport filter. The corresponding wind speeds generated using the 
Davenport filter can be seen in Figure 6.10. Good alignment was seen between the Davenport 
filter and the Davenport Spectrum shown in Figure 6.8, indicating the curve fitting function was 
sufficient. Good alignment was also seen between the Davenport filter and the PSD of the 
generated wind speeds shown in Figure 6.9. The alignment between the magnitude of the 
Davenport filter and the PSD of the generated wind speeds suggests the Davenport filter design 
was adequate. Consequently, the Davenport filter was thought to be appropriate for generating the 
loading functions for the dynamic FEM model.  
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The pressure loading functions for the dynamic FEM model were developed from the generated 
wind speed histories using a variation of the methods presented in Section 2.2.6 of NCHRP 469 
(Dexter & Ricker, 2002). In NCHRP 469, the spectral force density was computed from the 
spectral velocity density obtained from the Davenport spectrum. The spectral force density was 
then applied directly to the model, and the resulting root-mean-square (RMS) of the spectral 
fatigue stress density was scaled to determine the effective stress range (Dexter & Ricker, 2002). 
The FEM model used in this analysis had already been validated using pressure functions 
developed directly from field data. Loading history functions were preferred over the application 
of the spectral density functions to maintain the same analysis procedures used previously in the 
validation process and to maintain the ability to conveniently compare the wind speed histories 
applied to the FEM through pressure loading functions with those collected in the field. 
Consequently, the analysis done in this exploration was done using the square root of the spectral 
velocity density instead of the spectral velocity density. The pressure loading function for the 
dynamic FEM model was derived using the following methodology.  
The drag force, 𝐹𝐹, acting on the surface of the sign was taken as: 
𝑭𝑭 =  𝟏𝟏
𝟐𝟐
𝝆𝝆𝑪𝑪𝒅𝒅𝑨𝑨𝑽𝑽
𝟐𝟐  (6.14) 
where: 
𝝆𝝆 =  Density of air, 0.75 𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓3
  
𝑪𝑪𝒅𝒅 =  Drag coefficient of the sign, 1.7 (AASHTO, Table 3.8.7-1) 
𝑨𝑨 =  Area of the sign, 98. 6 ft2 
𝑽𝑽 =  Velocity 
 
The velocity was further separated into two components, the mean velocity, 𝑉𝑉𝑚𝑚, and the 
fluctuating velocity, 𝑉𝑉𝑤𝑤.  
𝑭𝑭 =  𝟏𝟏
𝟐𝟐
𝝆𝝆𝑪𝑪𝒅𝒅𝑨𝑨(𝑽𝑽𝒎𝒎 + 𝑽𝑽𝒘𝒘)𝟐𝟐  (6.15) 
𝑭𝑭 =  𝟏𝟏
𝟐𝟐
𝝆𝝆𝑪𝑪𝒅𝒅𝑨𝑨�𝑽𝑽𝒎𝒎
𝟐𝟐 + 𝟐𝟐𝑽𝑽𝒎𝒎𝑽𝑽𝒘𝒘 + 𝑽𝑽𝒘𝒘𝟐𝟐�  (6.16) 
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The term, 𝑉𝑉𝑤𝑤2, was neglected because its magnitude was negligible compared to the other 
velocity terms. The drag force was then separated into its mean, 𝐹𝐹𝑚𝑚, and fluctuating components, 
𝐹𝐹𝑤𝑤. 
𝑭𝑭 =  𝑭𝑭𝒎𝒎 + 𝑭𝑭𝒘𝒘  (6.17) 
𝑭𝑭𝒎𝒎= 𝟏𝟏𝟐𝟐 𝝆𝝆𝑪𝑪𝒅𝒅𝑨𝑨𝑽𝑽𝒎𝒎𝟐𝟐  (6.18) 
𝑭𝑭𝒘𝒘 =  𝝆𝝆𝑪𝑪𝒅𝒅𝑨𝑨𝑽𝑽𝒎𝒎𝑽𝑽𝒘𝒘  (6.19) 
The shape of the square root of the spectral velocity density was assumed to have the same shape 
as the square root of the spectral force density such that,  
�𝑺𝑺𝒗𝒗
𝑽𝑽𝒘𝒘
=  �𝑺𝑺𝒇𝒇
𝑭𝑭𝒘𝒘
  (6.20) 
�𝑺𝑺𝒇𝒇 = �𝑭𝑭𝒘𝒘𝑽𝑽𝒘𝒘��𝑺𝑺𝒗𝒗  (6.21) 
Combining (6.19) and (6.21),  
�𝑺𝑺𝒇𝒇 = �𝝆𝝆𝑪𝑪𝒅𝒅𝑨𝑨𝑽𝑽𝒎𝒎𝑽𝑽𝒘𝒘𝑽𝑽𝒘𝒘 ��𝑺𝑺𝒗𝒗  (6.22) 
The square root of the spectral velocity density was taken as the output of the Davenport filter, 
i.e., a wind speed history with zero mean. To achieve the total drag force applied to the sign, the 
mean drag force was combined with the fluctuating drag force (6.19) such that, 
𝑭𝑭(𝒕𝒕) = 𝝆𝝆𝑪𝑪𝒅𝒅𝑨𝑨 �𝟏𝟏𝟐𝟐 𝑽𝑽𝒎𝒎𝟐𝟐 + 𝑽𝑽𝒎𝒎𝑽𝑽(𝒕𝒕)�  (6.23) 
In which 𝑉𝑉(𝑡𝑡) is the velocity output of the Davenport filter and 𝐹𝐹(𝑡𝑡) is the forcing function on the 
sign. The corresponding pressure history was computed as,  
85 
 
𝑷𝑷(𝒕𝒕) = 𝝆𝝆𝑪𝑪𝒅𝒅 �𝟏𝟏𝟐𝟐 𝑽𝑽𝒎𝒎𝟐𝟐 + 𝑽𝑽𝒎𝒎𝑽𝑽(𝒕𝒕)�  (6.24)  
An example of a pressure loading function developed using this methodology is shown in Figure 
6.11. Figure 6.10 displays the output of the Davenport filter used to generate the specific pressure 
history given in Figure 6.11.  
In NCHRP Report 469 the RMS of the stress resulting from only the fluctuating force was used to 
compute the fatigue limit-state stress range. In the analysis prescribed here, the gravity loads were 
thought to play a critical role in the sign of the stresses within the friction fuse connection 
because of the large mass of the sign transmitting compressive stresses through the connection. It 
was possible that the wind-induced fatigue stresses in the friction fuse connection might not have 
been large enough to overcome the compressive stresses due to gravity. Utilizing the combined 
mean and fluctuating pressure, instead of the fluctuating pressure only, was thought to give a 
more realistic representation of the magnitude of the fluctuating tension stresses in the friction 
fuse connection. The final pressure loading function used included both the fluctuating pressure 
and the mean pressure. The fatigue limit-state stress range was taken as the amplitude of the 
tension stress within the friction fuse connection. 
6.4   Fatigue Stress Demand in Friction Fuse 
The fatigue demand in the friction fuse connection was computed two ways: (1) using the 
equivalent static pressure equations provided in Article 11.7 of the AASHTO 2015 Specification 
for SLTS, and (2) using the dynamic FEM model with the dynamic loading functions developed 
in Section 6.3. 
 Static Analysis with Equivalent Static Pressures 
In Article 11.7.1 of the AASTHO 2015 Specification for SLTS, equivalent static pressure 
equations are provided to compute the fatigue demand from three of the four main wind loading 
phenomena on sign and signal structures; galloping, natural wind gusts, and truck-induced wind 
gusts. The fourth wind loading phenomenon, vortex shedding, is outlined specifically in Article 
11.7.2, “High-Mast Lighting Towers Fatigue.” As explained in Chapter 2, natural wind gusts and 
vortex shedding were considered the most applicable wind loading phenomena for the DMS. The 
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equation provided for vortex shedding in Article 11.7.2, however, was intended specifically for 
high mast light towers of 55 ft., and was not appropriate for use with the DMS. In the static 
analysis presented here, only the methodology prescribed in Article 11.7.1.2 for natural wind 
gusts was used.  
The equivalent static pressure equation for natural wind gusts referenced in the AASHTO 2015 
Specification for SLTS was developed through the dynamic analysis done in NCHRP Report 412 
and NCHRP Report 469. Stresses calculated using the equivalent static pressure equation were 
intended to resemble the stresses computed using the dynamic analysis from these reports. The 
dynamic analyses done in NCHRP Report 412 and NCHRP Report 469 were based off an annual 
mean wind speed of 11.2 mph (5 m/s). Similar to the methodology described in this thesis in 
Section 6.2, the annual mean wind speed was then used in conjunction with the Raleigh 
distribution to produce the hourly mean wind speed with 0.01 percent exceedance, i.e., the fatigue 
limit-state wind loading. According to Article 11.7.1.2 of the AASTHO 2015 Specification for 
SLTS, the equivalent static pressure equation for natural wind gusts can be adjusted to 
compensate for annual mean wind speeds that exceed 11.2 mph. The adjusted natural wind gusts 
equation (6.25) was required for this analysis because the annual mean wind speed at the location 
of the instrumented DMS was estimated to be 12.7 mph (5.7 m/s).  
𝑷𝑷𝑵𝑵𝑵𝑵 = 𝟏𝟏.𝟐𝟐𝑪𝑪𝒅𝒅𝑰𝑰𝒇𝒇 � 𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎𝒏𝒏𝟏𝟏𝟏𝟏.𝟐𝟐 𝒎𝒎𝒎𝒎𝒉𝒉�𝟐𝟐  (AASHTO, 2015) (6.25) 
where: 
𝑷𝑷𝑵𝑵𝑵𝑵 =  Pressure due to natural wind gusts 
𝑪𝑪𝒅𝒅 =  Drag coefficient of the sign, 1.7 (AASHTO, Table 3.8.7-1) 
𝑰𝑰𝒇𝒇 =  Fatigue importance factor, 1.0 (AASHTO, Table 11.6-1) 
𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎𝒏𝒏 =  Annual mean wind velocity for region in mph 
 
The fatigue demand in the friction fuse connection was estimated using the pressure computed 
from (6.25), assuming an annual mean wind speed of 12.7 mph (5.7 m/s), a fatigue importance 
factor of 1.0, and drag coefficient of 1.70. The pressure was applied horizontally to the exposed 
area of the DMS in both the normal direction and tangential direction. Static analysis was used to 
compute the resulting stresses in the friction fuse connection for each independent loading 
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direction. For this analysis, only the stresses in the friction fuse plate will be discussed, as this is 
the portion of the friction fuse connection most likely to experience fatigue issues.  
The stresses in the friction fuse plate due to normal wind loading were computed based on the 
loading assumptions shown in Figure 6.12. Pressure applied to the normal surface of the sign was 
assumed to resolve at the centroid of the sign. Load was assumed to distribute evenly between the 
two support posts. The moment at the friction fuse connection of a single post was computed by 
multiplying half the resolved force by the distance from the mid-height of the sign to the center of 
the friction fuse connection. The force couple acting on the friction fuse plate was estimated by 
dividing the moment acting at the friction fuse connection by the depth of the W8x24 post 
section. Fatigue stresses in the friction fuse plate were based on the force in the fuse plate and the 
critical net section area, where the four holes pierced the cross section. An extra 1/16” was added 
to the diameter of each hole to account for damage in the section during the hole manufacturing. 
A diagram of the fuse plate and corresponding critical net section area is shown in Figure 6.13. 
For normal loading, fatigue stresses in the fuse plate of the west post controlled over those in the 
east post because the distance from the bottom of the sign panel to the center of the friction fuse 
connection was slightly larger in the west post generating a larger moment at the friction fuse in 
that leg.  
Forces due to pressure applied to the tangential area of the DMS were assumed to travel through 
the support structure via the frame emphasized in Figure 6.14. The area of the tangential face of 
the DMS included the depth of the support posts attached to the sign structure because the posts 
contributed directly to the area opposing winds from the tangential direction as illustrated in 
Figure 2.4. Load was assumed to distribute equally between the two columns of the frame shown 
in Figure 6.14. The moment at the friction fuse connection was computed using the three column 
models shown in Figure 6.15. Assumed dimensions for the columns and the distance from the 
mid-height of the sign to the friction fuse connection are provided in Figure 6.15. All dimensions 
refer to the dimensions measured directly in the field. No length was added to posts to simulate 
the flexibility of the base connection as was done for the FEM model in Chapter 5.  
The three models used were thought to bound the analysis between the three behaviors: (1) fixed-
free, (2) fixed-side sway, and (3) pinned-side sway. Note that Model 1 produces a moment with a 
sign different than the other two loading models. The focus of the analysis was on bounding the 
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magnitude of the fatigue moment demand at the friction fuse connection, so the sign of the 
moment was ignored. The structure was hypothesized to behave most closely to Model 2, but 
bounding the analysis in this fashion encompassed the uncertainty in the flexibility of the field 
DMS base connection. The stress in the friction fuse plate was computed from the moment at the 
friction fuse connection divided by the appropriate section modulus for the friction fuse plate at 
the depth of the four empty holes as shown in Figure 6.16. Half of the moment due to tangential 
loading was assumed to be resisted by the hinge plate and half by the fuse plate. This 
methodology produced the worst-case stress in the friction fuse plate due to tangential loading. 
For tangential loading, stresses in the fuse plate controlled in the east post for Model 2 and Model 
3 because the east post was taller than the west post. For Model 1, stresses in the west fuse plate 
controlled because the loading model was only dependent on the distance between the attachment 
point of the sign and the mid-section of the friction fuse connection. This distance was larger in 
the west post.  
The stresses in the fuse plate were evaluated using the loading combinations specified in Table 
3.9.3-1 of the AASHTO 2015 LRFD Specification for SLTS. Fatigue stress demand for natural 
wind gusts must be considered for all wind directions (AASHTO, 2015). The combinations 
specified in Table 3.9.3-1 of the AASHTO 2015 LRFD Specification for SLTS are provided in 
Table 6.1. Because combining raw wind loads would not be appropriate for evaluating the stress 
in the friction fuse plate, the combinations in Table 6.1 were applied to the fatigue stress demand 
due to normal or tangential loading instead of the applied load as originally specified in the 
AASHTO 2015 LRFD Specification for SLTS. As shown in Table 6.1, the combined loading 
case, Case 3, stipulates that 75 percent of the stress due to normal loading should be combined 
with 75 percent of the stress due to tangential loading. The combined loading case conservatively 
accounts for oncoming wind at a 45 degree angle. Case 3 was found to control the analysis for 
Model 3 only, likely because this model produces the largest demand at the friction fuse plate due 
to tangential loading. For all other models the normal loading controlled. Figure 6.17 and Figure 
6.18 display the final results for the analysis in the east and west post respectively. The stresses 
for only normal loading, only tangential loading, and combined loading are shown for each of the 
three tangential loading models.  Fatigue detail category limits for fatigue Category A through 
fatigue Category E’ are also shown in Figure 6.17 and Figure 6.18. Fatigue Category D, the 
fatigue category of the fuse plate, is the most relevant for the analysis of the friction fuse 
connection.  
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For comparison, Figure 6.19 and Figure 6.20, show the final results obtained for the east post and 
west post, respectively, for an annual wind speed of 11.2 mph. This is the wind speed the 
AASHTO 2015 LRFD Specification for SLTS defaults to for the evaluation of natural wind 
gusts.  
Using an annual wind speed of 12.7 mph, see Figure 6.17, produced a maximum fatigue stress in 
the fuse plate of 7.2 ksi, which was just above the CAFT for Category D of 7.0 ksi. An annual 
wind speed of 11.2 mph, see Figure 6.19, produced a maximum fatigue stress in the fuse plate of 
5.5 ksi. In both cases, Model 3 with combined loading controlled in the east post. If the true 
behavior of the DMS were assumed to resemble Model 2, the maximum fatigue stress in the fuse 
plate would be 5.2 ksi and 4.0 ksi for a mean annual wind speed of 12.7 mph and 11.2 mph 
respectively. In this case, normal loading controls in the west post.   
Based on the static analysis recommended by the AASHTO 2015 Specification for SLTS, the 
fatigue demand in the friction fuse plate was not satisfactory for infinite life design if Model 3 
most accurately represented the tangential behavior of the structure. If Model 1 or Model 2 most 
accurately represented the behavior of the DMS when subjected to tangential wind loading, then 
the fatigue demand in the friction fuse plate did not exceed the CAFT of 7.0 ksi, and the structure 
could be assumed to have infinite fatigue life.  
 Dynamic Analysis 
The dynamic analysis was performed using the validated FEM model and the pressure functions 
developed in Section 6.3. The dynamic pressure functions for both tangential and normal loading 
were developed using a drag coefficient of 1.7 as recommended by the AASHTO LRFD 
Specification for SLTS (2015). It is important to note that when validating the FEM model in 
Chapter 5, the drag coefficient was taken as 1.63 using (5.2) for normal loading and 1.78 for 
tangential loading. The drag coefficient recommended by the AASHTO LRFD Specification for 
SLTS was used to develop the dynamic pressure functions for the dynamic analysis with the FEM 
model, so that the results achieved with the dynamic simulation could be compared directly to the 
fatigue stress range predicted by the equivalent static pressure equations.  
Five simulations were run with different pressure functions generated using the same limit-state 
wind speed of 42.5 mph (19 m/s) and terrain coefficient of 0.005 for unobstructed terrain. 
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Different pressure loading functions were obtained by changing the seed value in the Band-
Limited White Noise Block (MathWorks, 2018) used in Simulink to generate the white noise 
input to the model shown in Figure 6.7. Seed values were taken as 3312, 9845, 21375, 18491, and 
22396. The five simulations were done to determine an average wind-induced fatigue stress range 
in the connection. A sampling frequency of 10 Hz was used to capture any potential amplification 
due to resonance. Each of the five pressure loading functions were applied to the FEM model 
twice, once with the effects of gravity included on the stresses in the friction fuse and once 
neglecting the effects of gravity.  
In the analysis, the pressure functions were applied to the normal and the tangential face of the 
DMS independently. The area of the tangential face of the DMS included the depth of the support 
posts attached to the sign structure because the posts contributed directly to the area opposing 
winds from the tangential direction as illustrated in Figure 2.4. Winds in the normal direction 
were applied from the south and winds in the tangential direction were applied from the east. The 
resulting stresses for each loading were sampled from the critical locations in the fuse plate 
illustrated in Figure 6.21. These locations were thought to be the critical locations in the plate 
based on the stress distribution shown in Figure 5.15 and Figure 5.16. Only fatigue stresses in the 
fuse plate were pulled from the FEM model because the fuse plate was the component of the 
friction fuse connection most likely to fatigue. Stresses in the fuse plate of the FEM model were 
computed using the same methodology described when validating the model in Section 5.2. 
The stresses in the fuse plate due to both normal and tangential loading were evaluated using the 
combinations specified in Table 3.9.3-1 of the AASHTO 2015 LRFD Specification for SLTS and 
shown in Table 6.1. Table 6.2 and Table 6.3 display the average wind-induced fatigue stress 
ranges at the 11 sampled locations for the east and west post respectively without considering the 
effects of gravity. Table 6.4 and Table 6.5 display the average wind-induced fatigue stresses for 
the same 11 locations after considering the effects of gravity on the fatigue stress range.  
In the east and west fuse plate, combined loading controlled when the effects of gravity were 
neglected. When the effects of gravity were considered in the analysis, the combined loading 
controlled in the east fuse plate, and normal loading controlled in the west fuse plate. Without 
considering gravity, stresses in both the east and west fuse plate exceeded the CAFT of 7.0 ksi, 
with fatigue stresses as large as 11.4 ksi in the west post. Including the effects of gravity reduced 
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the fatigue stresses in both fuse plates, but stresses in the west fuse plate still exceeded the CAFT 
at sample locations B, D, E, G, H, and J. Location B had the greatest fatigue stress demand of 
9.27 ksi. The stress range in the west post was consistently greater than that in the east post. From 
the analysis done in Chapter 5, the true behavior of the friction fuse connection in both the field 
and the FEM model under primarily tangential loading was not verified due to unreliable gages at 
the locations on the friction fuse where tangential loading was thought to control. However, 
because the dynamic analysis was controlled by normal loading in the west post, this uncertainty 
did not impact the overall results of the dynamic analysis with FEM model.   
6.5   Fatigue Life of the DMS Support System Studied in the Field 
The wind-induced stress range within the fuse plate of the friction fuse connection was evaluated 
using the equivalent static pressure equations provided in Article 11.7 of the AASTHO 2015 
LRFD Specification for SLTS and the validated FEM model. The CAFT was not exceeded when 
the fatigue stress demand was computed using the equivalent static pressure equation in Article 
11.7.1.2 for tangential loading Model 1 and Model 2, however it was exceeded when Model 3 
was used. The fatigue stress demand exceeded the CAFT when computed using the dynamic 
analysis with the validated FEM model. Fatigue stresses computed with the validated FEM model 
controlled, with a peak fatigue stress demand of 9.27 ksi.   
 
The effects of some of the key assumptions within the development of the wind-induced stress 
range should be noted to fully appreciate the results of the analysis.  
The mean annual wind speed at the location of the field DMS was computed from the mean 
annual wind speed at 262 ft. assuming open coast terrain. This resulted in a mean annual wind 
speed at the field DMS of 12.7 mph (5.7 m/s) at the height of the DMS. Open coast terrain was 
thought to be suitable for heavy snowfall conditions possible in the winter. If open terrain had 
been assumed, the resulting mean annual wind speed would have been 11.5 mph (5.1 m/s) in the 
same location (Liu, 1991). The change in wind speed would have been reflected in the mean 
annual wind speed used in the equivalent static pressure analysis and the mean hourly wind speed 
used in the dynamic analysis.  
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The mean hourly wind speed was taken as that with 0.01 percent exceedance. A mean hourly 
wind speed with a larger percentage of exceedance would have resulted in a lower mean hourly 
wind speed in the dynamic analysis with the FEM model. The methodology prescribed in Article 
11.7.1.2 of the AASHTO 2015 LRFD Specification for SLTS, however, was also developed 
assuming a mean hourly wind speed with 0.01 percent exceedance (2015). 
Open, unobstructed terrain was assumed in the Davenport spectrum used to develop the dynamic 
pressure functions for the FEM model. This terrain coefficient resulted in the greatest wind 
speeds. Unobstructed terrain, however, fit well with wind data collected during the winter, 
suggesting this terrain coefficient was appropriate for the location of the instrumented DMS.  
For the analysis using the equivalent static pressure equation provided in Article 11.7.1.2, the 
DMS was assumed to be a fatigue category I structure, resulting in an importance factor of 1.0. A 
fatigue category II or fatigue category III structure would have resulted in lower pressures applied 
to the DMS in the equivalent static pressure analysis only.  
Based on these assumptions and the results of the dynamic analysis with the validated FEM 
model, the wind-induced stress range within the DMS friction fuse connection exceeded the 
fatigue stress limit needed to ensure the infinite fatigue life of the connection. The finite life of 
the field DMS can be estimated using the S-N curve provided by Brown et al. in Figure 6.2 
(2007).  
Based on Figure 6.2, the critical fatigue stress amplitude of approximately 10 ksi corresponds to a 
fatigue life of 2 × 106 cycles.  During the field analysis between September and February, the 1-
second wind speed exceeded the mean hourly limit-state wind speed of 42.5 mph (19 m/s) 
approximately 27 times, with the peak speed being 46.6 mph (20.8 m/s). If this trend were 
extrapolated, the 1-second wind speed would exceed the mean hourly limit-state wind speed 
approximately 70 times a year. It is very conservative to then assume that the yearly 1-second 
wind speed occurrence at or beyond 42.5 mph (19 m/s) represents the yearly incidence of the 
mean hourly wind speed at or beyond the limit-state wind speed. The field DMS was assumed to 
undergo 4 cycles every second based on the structure’s natural frequency. Every wind incident at 
or above the limit-state wind speed was assumed to last for 5 minutes, which is the same length as 
the analysis done with the FEM model used to produce the fatigue stress demand of 10 ksi. Based 
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on these assumptions, the structure would be expected to undergo a tensile stress range of 
approximately 10 ksi for approximately 84,000 cycles each year. With a fatigue life of 2 × 106 
cycles, the service life of the field DMS would be estimated to be approximately 23.8 years. It 
should be reiterated that a number of conservative assumptions were used to obtain this estimate. 
• A 1-second wind speed was compared with a limit-state mean hourly speed. 
• The instances in which the 1-second speed exceeded the limit-state mean hourly speed in 
a year were taken as equivalent to the instances in which the mean hourly wind speed 
exceeded the limit-state mean hourly wind speed in a year. Equating a 1-second speed to 
a mean hourly speed is very conservative.  
6.6   Fatigue Life of Other DMS in Service 
The behavior of the DMS investigated in the field does not fully represent the behavior of every 
DMS in service. DMS signs range from 6 ft. x 14 ft. to 8 ft. x 18 ft. (MnDOT, 2016) with post 
heights (from the ground to the top of the sign) ranging from 15.5 ft. to 22 ft. (Kimley Horn, 
MnDOT, 2015). The DMS instrumented in the field was approximately 6 ft. - 10 in. x 15 ft. with 
an average post height of 15.5 ft. The simple analytical model used in Chapter 5 was employed to 
explore the effects of various sign sizes and post heights on the demand at the friction fuse 
connection. In this analysis, both posts were assumed to be of equal length for all simulations. 
The first simulation was performed by applying the pressure function shown in Figure 6.11 to the 
analytical model from Chapter 5. Pressure was only applied to the normal surface of the sign. A 
sampling rate of 10 Hz was used to capture any dynamic amplification present. The strong axis 
moment was computed at the friction fuse connection, which was assumed to be 6 in. below the 
bottom of the sign, using (6.26). More details on the analytical dynamic model are provided in 
Chapter 5.  
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𝑴𝑴𝒙𝒙 = 𝑬𝑬𝑰𝑰𝒗𝒗" =  � 𝟑𝟑𝐋𝐋𝟐𝟐 − 𝟔𝟔𝐱𝐱𝟐𝟐𝐋𝐋𝟑𝟑� 𝐪𝐪(𝐭𝐭)  (6.26) 
where:  
𝑬𝑬 =  Elastic modulus of steel, 29000 ksi  
𝑰𝑰 =  Strong axis moment of inertia, 82.7 in4  
𝒗𝒗(𝒙𝒙, 𝒕𝒕) =  Displacement function 
𝐪𝐪(𝐭𝐭) =  Time function 
𝑳𝑳 =  Length of post from base plate to the bottom of the sign, see Figure 6.22 
𝐱𝐱 =  Location evaluating moment measured from base plate, (L-6”) 
 
Figure 6.22 illustrates the various sign sizes and heights explored with the analytical model. 
These represent the extreme sign sizes and post heights currently in service for the DMS. The 
same pressure function was applied to every sign variation shown in Figure 6.22. The control 
structure for the exploration was a 6 ft. - 10 in. x 15 ft. DMS with two 15.5 ft. equal length posts, 
which was similar to the field DMS but with equal length posts. Figure 6.22 displays the ratio of 
the moment demand due to wind loading at the friction fuse connection for each sign variation to 
that of the control.  
A second simulation was done to explore the response ratio of the structure under a unit step 
loading. The response ratio is given in (6.27) for an underdamped system and provides an 
estimate of the ratio of the dynamic response to the static response for a step input. Figure 6.23 
displays the dynamic amplification for each of the structures shown in Figure 6.22. The data was 
normalized such that the static response of the control structure was 1.0.  
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𝑹𝑹(𝒕𝒕) = 𝟏𝟏 − 𝒎𝒎−𝝃𝝃𝝎𝝎𝒏𝒏𝒕𝒕 �𝐜𝐜𝐜𝐜𝐜𝐜𝝎𝝎𝒅𝒅𝒕𝒕 + 𝝃𝝃𝝎𝝎𝒏𝒏𝝎𝝎𝒅𝒅 𝐜𝐜𝐬𝐬𝐬𝐬𝝎𝝎𝒅𝒅𝒕𝒕� (6.27) 
where: 
𝑹𝑹(𝒕𝒕) = Response ratio 
𝝃𝝃 =  Viscous damping factor 
𝝎𝝎𝒏𝒏 =  Undamped circular natural frequency 
𝒕𝒕 =  Time 
𝝎𝝎𝒅𝒅 =  Damped circular natural frequency 
 
As seen in Figure 6.23 the overall response of the structure changed both dynamically and 
statically as the post height and panel size was varied. Increasing the size of the panel increased 
the static response, but changing the post length had no effect on the static response for normal 
wind loading when the panel size was kept constant. Changing the post height did, however, 
effect the dynamic response. This is clearly seen in Figure 6.23 for the structure with the smallest 
sign panel and explains why the stress scale factor differed for two structures with the same size 
panel in Figure 6.22. Panels larger than the control resulted in greater fatigue demand at the 
friction fuse connection.  
It is also important to emphasize that the posts shown in Figure 6.22 are drawn with the 
dimensions given for the structures in the field. No additional length was added to the support 
posts to modify the flexibility of the structure as was done in the FEM model in Chapter 5 to 
account for the base connection at the ground not being fully fixed. The maximum lengths shown 
in Figure 6.22 may need to be extended to account for the effect of the base connection on the 
flexibility of the sign.  
The location of the DMS may also play a role on the fatigue stress in the friction fuse connection. 
The DMS instrumented in the field was not located in the region of the state subjected to the 
largest mean annual wind speed as shown in Figure 6.3. DMS in regions with greater mean 
annual wind speeds would need to be analyzed with the corresponding speed for that region, 
which would increase the magnitude of the pressure predicted by the equivalent static pressure 
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equation as well as the magnitude of the dynamic pressure functions applied to the FEM model. 
The increased loading on the sign would likely result in an increased fatigue stress range for both 
analysis methods.   
Symmetry also may have a significant impact on the magnitude of the fatigue stress in the friction 
fuse connection. In the dynamic analysis done with the FEM model, the fatigue stresses in the 
west connection were significantly larger than those in the east connection. Fatigue stresses in the 
east fuse plate never exceeded the CAFT when gravity loads were considered, while several 
locations in the west fuse plate featured stresses beyond the CAFT. The west post was 
approximately 2 ft. shorter than the east post. When the sign deflected under load, the east post, 
and more flexible post, deflected more than the west post and changed the load distribution within 
each post. Load distributed evenly between each post, but the distribution of the load into the 
support through the Z-Bar attachment points was different in each sign. More load was 
distributed in the attachment point furthest from the friction fuse connection in the west post, 
resulting in a greater demand and greater fatigue stress at the west friction fuse connection. 
Utilizing two equal length posts would result in both posts deflecting an equal amount, which 
may reduce the difference in demand at the two connections and equalize the fatigue stress in 
each connection.  
Finally, the location of the friction fuse connection along the height of the posts also impacts the 
fatigue stress in the connection. The further the friction fuse connection is from the base of the 
sign panel, the larger the stresses produced in the connection from winds applied to the normal 
surface of the sign. This trend was evident in the analysis done with the equivalent static pressure 
equation for natural wind gusts. In the field DMS, the friction fuse connection on the west post 
was further from the base of the sign panel than the connection on the east post, resulting in a 
greater normal wind fatigue stress demand in the west fuse plate. For a tangential wind loading 
however, placing the friction fuse connection further from the base of the sign (lower on the 
structure) resulted in an increased fatigue demand at the friction fuse connection via Model 1, 
decreased demand via Model 2, and decreased demand via Model 3. Both tangential loading and 
normal loading should be considered when determining the optimal location for the friction fuse 
connection.  
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The support system and DMS instrumented in the field did not meet the requirements for infinite 
fatigue life using what are believed to be conservative assumptions. Other DMS in service may 
also be subjected to fatigue stresses beyond the CAFT depending on the size of the sign panel, 
height of the posts, sign location, and the relative location of the friction fuse connection.  
6.7   Summary 
The fatigue life of the DMS instrumented in the field was investigated. The friction fuse plate, the 
fatigue sensitive detail within the support system, was assumed to be a fatigue Category D detail 
with corresponding CAFT of 7.0 ksi. The limit-state stress range was developed using the limit-
state wind loading recommended by NCHRP 412 and NCHRP 469, as well as reliable wind data 
for the region. Fatigue stresses in the fuse plate were evaluated using the applicable equivalent 
static pressure equations provided in Article 11.7 of the AASHTO LRFD Specification for SLTS 
and the validated FEM model.  
The CAFT was not exceeded when the fatigue stress demand was computed using the applicable 
equivalent static pressure equations in Article 11.7 when tangential loading Model 1 or Model 2 
were assumed to represent the behavior of the DMS subjected to tangential loading. However, it 
was exceeded when Model 3 was used. The fatigue stress demand computed using the dynamic 
analysis with the validated FEM Model also exceeded the CAFT. Fatigue stresses produced by 
the FEM model controlled the analysis. Based on the dynamic analysis, the field DMS did not 
meet the requirements for infinite fatigue life. Other DMS in service may also be subjected to 
fatigue stresses beyond the CAFT depending on the size of the sign panel, height of the posts, 
sign location, and the relative location of the friction fuse connection. A service life of 23.8 years 
was conservatively estimated for the field DMS. 
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Table 6.1 – Wind load combinations per AASHTO LRFD Specification for SLTS modified for 
application with fatigue design (AASHTO, 2015) 
Load Case Normal Component Tangential Component 
1 𝟏𝟏.𝟏𝟏(𝝈𝝈𝑵𝑵) 𝟏𝟏(𝝈𝝈𝑻𝑻) 
2 𝟏𝟏(𝝈𝝈𝑵𝑵) 𝟏𝟏.𝟏𝟏(𝝈𝝈𝑻𝑻) 
3 𝟏𝟏.𝟕𝟕𝟏𝟏(𝝈𝝈𝑵𝑵) 𝟏𝟏.𝟕𝟕𝟏𝟏(𝝈𝝈𝑻𝑻) 
𝜎𝜎𝑁𝑁 = Stress demand from normal loading only 
𝜎𝜎𝑇𝑇 = Stress demand from tangential loading only 
 
Table 6.2 – Average fatigue stress range for east post of field DMS excluding effects of gravity  
Loading A B C D E F G H I J K 
Normal  
(ksi) 2.84 6.45 4.09 5.23 5.92 4.35 5.91 5.22 4.07 6.40 2.82 
Tangential 
(ksi) 0.00 0.00 0.00 0.00 0.00 0.26 1.23 2.04 2.01 3.68 1.76 
Combined 
(ksi) 2.13 4.84 3.07 3.92 4.44 3.46 5.35 5.44 4.56 7.56 3.44 
 
Table 6.3 – Average fatigue stress range for west post of field DMS excluding effects of gravity  
Loading A B C D E F G H I J K 
Normal  
(ksi) 5.06 11.33 7.20 9.19 10.4 7.72 10.4 9.19 7.17 11.29 5.03 
Tangential 
(ksi) 0.00 0.00 0.00 0.00 0.00 0.00 0.82 1.96 2.06 3.92 1.90 
Combined 
(ksi) 3.79 8.50 5.40 6.89 7.81 5.79 8.41 8.36 6.92 11.40 5.20 
 
Table 6.4 – Average fatigue stress range for east post of field DMS including effects of gravity  
Loading A B C D E F G H I J K 
Normal  
(ksi) 2.02 4.63 2.93 3.75 4.24 3.10 4.23 3.73 2.91 4.58 2.00 
Tangential 
(ksi) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.82 1.11 2.34 1.17 
Combined 
(ksi) 1.51 3.47 2.20 2.81 3.18 2.32 3.17 3.42 3.02 5.19 2.37 
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Table 6.5 – Average fatigue stress range for west post of field DMS including effects of gravity  
Loading A B C D E F G H I J K 
Normal  
(ksi) 4.12 9.27 5.88 7.51 8.52 6.30 8.50 7.51 5.86 9.22 4.10 
Tangential 
(ksi) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.55 1.01 2.36 1.20 
Combined 
(ksi) 3.09 6.95 4.41 5.63 6.39 4.72 6.38 6.05 5.15 8.69 3.98 
 
 
 
Figure 6.1 – Excerpt from Table 6.6.1.2.3-1 of the AASHTO LRFD Bridge Design Specifications 
(AASHTO, 2012) 
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Figure 6.2 – Comparison of fatigue results for plates with open holes from Brown et al. with other 
research (Brown, Lubitz, Cekov, Frank, & Keating, 2007) 
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Figure 6.3 –Average annual wind speed at 262 ft. (80 m) (AWS Truepower, 2010) 
Relative location of DMS 
instrumented in the field 
Region with peak 
wind speeds in the 
state and possible 
DMS 
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Figure 6.4 – Comparison of Davenport, Kaimal, and Van Karmon spectrum with average velocity 
spectrum of critical wind events (k=0.005) 
 
Figure 6.5 – Comparison of Davenport spectrum with average velocity spectrum of critical wind 
events terrain between unobstructed and low obstruction (k=0.008) 
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Figure 6.6 – Comparison of Davenport spectrum with average velocity spectrum of critical wind 
events in December with unobstructed terrain (k=0.005) 
 
Figure 6.7 – Simulation model 
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Figure 6.8 – Comparison of Davenport filter and Davenport spectrum at 42.5 mph (19 m/s)  
 
Figure 6.9 – Comparison of Davenport spectrum and PSD of wind speeds generated using the 
Davenport filter (seed = 3312) 
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Figure 6.10 – Example wind speed history generated with Davenport filter (seed = 3312) 
 
Figure 6.11 – Example wind pressure history generated with Davenport filter (Seed = 3312) 
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Figure 6.12 – Application of normal wind loading to sign (not to scale) 
 
Figure 6.13 – Diagram of fuse plate emphasizing the critical net area (not to scale) 
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Figure 6.14 – Application of tangential wind loading to sign (not to scale) 
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Figure 6.15 – Tangential wind loading column models (not to scale) 
  
Figure 6.16 – Plan view of critical section used to determine section modulus for tangential loading 
acting on fuse plate (not to scale) 
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Figure 6.17 – Results of static fatigue analysis in east post for 12.7 mph (5.7 m/s) mean annual wind 
speed and methods suggested in Article 11.7 (AASHTO, 2015) 
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Figure 6.18 – Results of static fatigue analysis in west post for 12.7 mph (5.7 m/s) mean annual wind 
and methods suggested in Article 11.7 (AASHTO, 2015) 
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Figure 6.19 – Results of static fatigue analysis in east post for 11.2 mph (5 m/s) mean annual wind 
and methods suggested in Article 11.7 (AASHTO, 2015) 
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Figure 6.20 – Results of static fatigue analysis in west post for 11.2 mph (5 m/s) mean annual wind 
and methods suggested in Article 11.7 (AASHTO, 2015) 
  
Figure 6.21 – Stress locations sampled on the fuse plate (with permission Lam Nguyen, 2018)  
(a) View of internal face (b) View external face 
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(a) Control compared to smallest DMS panel in service 
 
(b) Control compared to largest DMS panel in service 
Figure 6.22 – DMS variations and stress scale factor in friction fuse plate 
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Figure 6.23 – Dynamic amplification: response ratio of DMS in service normalized to the control 
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Chapter 7: RICWS Experimental Work 
7.1   Field Observation Setup 
The Rural Intersection Conflict Warning Sign (RICWS) located on the south side of the 
intersection of TH-7 and CSAH-1 was instrumented to investigate the dynamic characteristics of 
the sign subjected to wind loading and to provide data for validating and informing the FEM 
model and CFD model of the RICWS. Figure 7.1 shows the dimensions for the RICWS 
instrumented. The final instrumentation setup, shown in Figure 7.2 and Figure 7.3, was selected 
with consideration for large amplitude displacements that have been observed in the field.  
Two accelerometers, two string potentiometers, one cup and vane anemometer, and one 
temperature probe were installed to monitor the behavior of the RICWS under wind loading. The 
accelerometers were attached directly to the RICWS at the location specified in Figure 7.2 and 
were used to capture the dynamic motion of the sign. The two string potentiometers measured the 
change in displacement between the sign supports and a “fixed” reference point. The wires of the 
string potentiometers were attached to the RICWS supports at a height of 4 ft.-6in. above ground 
level (attachment points are shown in Figure 7.2). The housings of the two string potentiometers 
were attached to a single post placed 3 ft. directly south of the RICWS at the same height, 4 ft.-6 
in., to ensure the wires were level. The cup and vane anemometer was used to measure the mean 
wind speed and direction. Due to the large amplitude oscillations expected of the RICWS, the 
anemometer and temperature probe were externally mounted adjacent to the sign. These sensors 
were mounted on a post located 5 ft. directly west of the RICWS. The anemometer was placed 8 
ft.-4 in. above ground level and the temperature probe was placed at 7 ft.-4 in. above ground 
level. A plan view of the sensor layout is shown in Figure 7.3, and an elevation view of the 
anemometer and temperature probe setup can be seen in Figure 7.4. Examples of the deployed 
instrumentation are shown in Figure 7.5. 
 Data Collection Procedures 
Data was collected using a CR1000 Campbell Scientific data logger. Unlike with the DMS, the 
data logger used with the RICWS could support readings from all sensors deployed 
simultaneously. Data was collected in the field and then transferred via modem to a server 
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accessible by the research team. Wind speed, wind direction, and air temperature were sampled at 
1 Hz, while the accelerations and displacements were sampled at 100 Hz. The cup and vane 
anemometer selected for the instrumentation was limited to a peak wind speed sampling rate of 1 
Hz. Temperature and wind direction were not expected to change at a rate faster than 1 Hz, so for 
simplicity these values were sampled at the same rate as the anemometer. Displacement and 
acceleration data were sampled at 100 Hz to capture the higher frequency response of the 
structure and provide opportunity for filtering the data to remove any high frequency noise. The 
maximum sampling rate of the CR1000 data logger limited the sampling rate of the displacements 
and accelerations to 100 Hz.  
Data collection for the RICWS was also primarily event focused to improve the quality of the 
data collected. The wind speed, wind direction, air temperature, and two displacement readings 
were continuously collected at five minute intervals, and the average values over five minute 
periods (5-minute averages) were stored. These averages were collected primarily to investigate 
long-term data trends and for diagnostic purposes. The fast rate dynamic data (i.e., raw sampled 
measurements) were saved when a wind speed threshold had been exceeded. The wind speed 
threshold varied throughout the data collection period and is stipulated in Table B.2.   
 Data Collection Period 
Field data collection for the RICWS began on November 17th, 2017. A log of all major changes to 
the data collection system is given in Appendix B. High-speed wind events were most prominent 
during the months of November and December. Field data collection for the RICWS continued 
over the course of the project.  
7.2   Laboratory Experiments at the St. Anthony Falls Laboratory (SAFL) 
The dynamic behavior of the RICWS was also explored with laboratory experiments conducted 
on a small-scale model at the St. Anthony Falls Laboratory (SAFL). Experiments were done to 
measure key characteristics of the RICWS behavior that could not be easily measured in the field. 
These characteristics were later used to validate and inform the CFD model. Two major 
experiments were done: drag experiments and wake experiments. The same model of the RICWS, 
as seen in Figure 7.6, was used in both experiments. It was fabricated from stainless steel and 
scaled approximately 1:18, apart from the plate thickness, with respect to the RICWS 
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instrumented in the field. The thickness of the plates (0.25 in.) was not to scale and was instead 
chosen to improve the rigidity of the model. The dimensions of the scaled model are given in 
Figure 7.7. The two lights at the top of the sign structure were designed to be detachable to 
explore the effect of the lights on the dynamic response of the scaled RICWS model.  
 Drag Experiments – Tow Tank Tests 
The drag experiments were conducted by other members of the research team in the main channel 
facility at SAFL during November 9-10, 2017. The drag experiments were done to identify the 
drag coefficient of the RICWS and to identify the primary shedding frequency of the structure.  
The drag sensor experimental setup is shown in Figure 7.8(a). Drag force sensors were used to 
measure the forces on the model in the streamwise direction (parallel to flow) and spanwise 
direction (perpendicular to flow).  Both the instrumentation and the model were attached to the 
data acquisition cart positioned above the main channel as seen in Figure 7.8(b). Upon command, 
the data acquisition cart submerged the model at a specified angle and then towed the model 
through the main channel at a specified speed. Conditions in the channel were such that the flow 
relative to the model was uniform and at the speed of the cart. Force measurements were sampled 
at 50 Hz while the model was towed through the main channel.  
The following characteristics were identified from the drag experiments: 
• The drag coefficient of the RICWS model, including the lights, was 𝐶𝐶𝑑𝑑 = 1.34 ± 0.19 
and was found to be independent of the Reynolds number for the range of tow velocities 
tested in the experiment.  
• Including the lights at the top of the sign increased the mean force and variance 
measured. The lights were thought to contribute proportionally to the overall drag 
behavior of the model because the increase in force was proportional to the area 
contribution of the two lights.  
• The primary shedding frequency of the model under flow normal to the sign was 
identified in the spectral analysis of the drag force and was described by a dimensionless 
Strouhal number of 0.2, determined by (7.1). The Strouhal number of 0.2 was determined 
based on frequency content in the force data parallel to flow.  
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• For cases with yaw, that is flow at an angle to the sign, the energy content of the force 
measured in the direction parallel to flow had little change, but the energy content of the 
force data measured in the direction perpendicular to flow decreased with increased yaw. 
This is opposite of what was expected and no physical explanation for the trend is yet 
clear.  
𝑺𝑺𝒕𝒕 = 𝒇𝒇𝒔𝒔 𝑳𝑳𝒖𝒖 = 𝟏𝟏.𝟐𝟐  (7.1) 
where: 
𝑺𝑺𝒕𝒕 =  Strouhal number 
𝒇𝒇𝒔𝒔 =  Shedding frequency 
𝑳𝑳𝒅𝒅 =  Horizontal length across diamond plate 
𝒖𝒖 =  Homogeneous upstream velocity 
 
The drag coefficient and shedding frequency were later used to validate the CFD model 
developed for the scaled model of the RICWS by comparing the drag coefficient and shedding 
frequency predicted by the experiments done at SAFL with those predicted by the CFD model.  
 Wake Experiments – Wind Tunnel Testing 
Wake experiments were conducted by other members of the research team in the wind tunnel 
facility at SAFL during January 8-10, 2018. Experiments were done to characterize the vertical 
wake profiles resulting from the inflow turbulent boundary layer. The inflow turbulent boundary 
layer for three different experimental cases were characterized for use as input conditions to the 
CFD model. The experimentally measured wake profiles will be used to validate the CFD model 
subject to the respective input conditions. 
The inflow boundary layer is the portion of air inflow at the measurement location that varies 
from zero velocity at the disturbing surface, that is, the wall of the tunnel, to the free-stream 
velocity achieved at some distance from the wall. In this experiment the boundary layer was 
classified as turbulent. The vertical wake profile describes the variation in velocity with respect to 
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height within the downstream wake of the RICWS model. Wake experiments were also done to 
further characterize the shedding behavior of the scaled RICWS model. The scaled model used in 
the wake experiments was the same as that used with the drag experiments. 
The wind tunnel facility at SAFL is a closed-loop boundary layer wind tunnel, which features a 
turbulence trip at the leading edge of the tunnel. The turbulence trip, composed of foam spikes on 
the tunnel floor, disturbs the air flow in the tunnel and develops a turbulent boundary layer that is 
fully developed at the measurement location shown in Figure 7.9. At the measurement location 
the test cross section was 5.6 ft. x 5.6 ft. Within the specified cross section, the scaled RICWS 
model was mounted to the floor of the wind tunnel upstream of a hot-wire sensor system 
connected to a motorized traverse system. The motorized traverse system was used to position the 
hot-wire sensor at various points relative to the RICWS model.  
Measurements from the hot-wire sensor and traverse system were used to describe the wake 
characteristics of the RICWS model for the applied boundary layer profile. For each measurement 
location, data was collected for 75 seconds at a sampling rate of 10,000 Hz. In addition to the 
measurements from the hot-wire sensor, videos were used to capture the horizontal deflections 
due to the model vibrating under wind loading in the tunnel. Five 20-second videos were taken at 
120 frames per second.  
The following outcomes were achieved from the wake experiments: 
• The inflow turbulent boundary layer for three different experimental cases were 
characterized for use as input conditions to the CFD model. The experimentally measured 
wake profiles will be used to validate the CFD model subject to the respective input 
conditions. 
• The primary shedding frequency identified in the spectral analysis of the wake velocity 
matched the shedding frequency identified from the Strouhal number in the drag 
experiment. 
• The vortex shedding frequency was not apparent in the spectral analysis of the RICWS 
deflections, but this did not imply that the shedding characteristic did not exist. It was 
hypothesized that the low density of the air did not apply enough force to the sign model 
to instill a measurable vortex shedding frequency in the deflections of the model. The 
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vortex shedding frequency was apparent in the drag experiment in which the density of 
the water was much larger.  
7.3   Summary 
The RICWS was instrumented in the field to observe its dynamic behavior subjected to wind 
loading and to provide field data for validating the coupled FEM and CFD models of the RICWS. 
The instrumentation setup included accelerometers, string potentiometers, a cup and vane 
anemometer, and a temperature probe. Sensors were placed to capture the dynamic motion of the 
sign and accommodate the large amplitude oscillations anticipated. Data collection began in 
November and continued through the project.  
Laboratory experiments were performed by others in the research group to address characteristics 
of the RICWS behavior that could not be measured in the field. Drag experiments were done to 
identify the drag coefficient and the primary shedding frequency of the RICWS. Both 
characteristics were needed for validation of the CFD model. Wake experiments were done to 
confirm and further characterize the primary shedding frequency of the RICWS. The wake 
experiments also provided important inflow turbulent boundary layer conditions to be applied to 
the CFD model. The CFD model could be validated by comparing the resulting wake profiles of 
the CFD model with those obtained experimentally for the same input turbulent boundary layer 
conditions.   
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Figure 7.1 – Dimensions of field RICWS 
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Figure 7.2 – RICWS instrumentation layout 
 
Figure 7.3 – Plan view of sensor layout 
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Figure 7.4 – Elevation view of anemometer and temperature probe setup 
 
 
Figure 7.5 – RICWS instrumentation 
(a) Anemometer and 
temperature probe 
(b) String potentiometers (c) Accelerometers 
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Figure 7.6 – Scale model of steel RICWS with plastic mount (with permission Michael Heisel, 2018) 
 
 
Figure 7.7 – Dimensions of RICWS scale model  
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Figure 7.8 – Drag experiment set up in main channel facility at SAFL (with permission Michael 
Heisel, 2018) 
 
 
Figure 7.9 – RICWS model and hot-wire probe connected to traverse system in wind tunnel (with 
permission Michael Heisel, 2018) 
(b) Orientation of model relative to 
data acquisition cart 
(a) Model and instrumentation 
mounted to data acquisition cart 
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Chapter 8: Analysis of RICWS  
8.1   Field Data Analysis 
The RICWS located at the south side of the intersection of TH-7 and CSAH-1 was instrumented 
to observe the behavior of RICWS subjected to wind loading. An FEM model and CFD model 
were developed to explore the wind-induced behavior of the wind. Field data was primarily used 
to validate the FEM model, as well as the coupled FEM and CFD model of the RICWS. The CFD 
model was also validated and informed using data collected through the experiments at SAFL.  
Of the several wind events triggered during the preliminary analysis of the RICWS field data, six 
critical wind events were selected for detailed analysis. Critical wind events were selected based 
on the peak wind speed exhibited in the event and/or the primary wind direction of the event. The 
wind rose and time history of the wind speed for each of the six critical wind events is given in 
Figure 8.1 and Figure 8.2. Wind Event 11/21 at 0648 through Wind Event 11/28 at 1407 are 
shown in Figure 8.1 and Wind Event 11/29 at 2343 through Wind Event 12/05 at 1229 are shown 
in Figure 8.2.  
As with the critical wind events shown in Chapter 5 for the DMS, the wind speed histories for the 
RICWS include plots for the raw wind speed, normal wind speed, and the tangential wind speed. 
Normal and tangential wind speeds were computed using trigonometry and the known offset 
between magnetic north and the direction normal to the North face of the DMS, which was 
approximately 59 degrees for the RICWS. The reference for the direction normal to the North 
face of the RICWS is indicated in the wind roses in Figure 8.1 and Figure 8.2 by “Sign North.” 
For cleaner comparison between the three speed plots, only the magnitude of each wind velocity 
component is displayed because the direction of the wind (i.e., N, S, E, or W) was stipulated by 
the wind rose.  
All preliminary data analysis was done at a sampling frequency of 1 Hz. This was done for two 
main reasons. First, displacement data collected at 100 Hz was noisy. Filtering and downsampling 
to a sampling rate of 1 Hz smoothed the data significantly and made observing basic trends in the 
data much easier. Second, because the wind data was collected at 1 Hz sampling, it was not 
possible to develop an accurate estimate of the pressure, and consequently the force on the 
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structure for changes occurring faster than a frequency of 1 Hz. Any comparison done with the 
field data required knowledge of the force applied to the structure, so comparisons needed to be 
performed at a sampling rate of 1 Hz. 
 Preliminary Observations 
The key concern for RICWS was the potential for large amplitude oscillations. Displacement data 
was consequently a critical component in the preliminary analysis of the field data. Figure 8.3, 
Figure 8.4, and Figure 8.5 show the normal wind speed and corresponding displacement data for 
critical wind events that feature winds primarily from the south, east, and west, respectively. For 
wind primarily normal to the sign (i.e., N-S direction), the displacement of the west post and the 
east post were approximately equal. This is clearly seen in Figure 8.3 in the clean overlap of the 
displacements measured in the west post (red) and the east post (green). In contrast, wind 
primarily tangential to the sign (i.e., E-W direction) produced unequal displacements in each post. 
In Figure 8.4, an event with winds from the east, the displacements in the east post were larger 
than those in the west post. For an event with winds from the west, Figure 8.5, the displacements 
in the west post were slightly larger than those in the east post. Based on these preliminary trends, 
it was hypothesized that greater variation in displacement is seen in the post nearest the oncoming 
wind. Further analysis is needed to confirm this.  
For all wind speed and displacement data shown in Figure 8.3, Figure 8.4, and Figure 8.5, there 
was little agreement between the trends seen in the wind speed data and the trends seen in the 
displacement data. Large peaks in wind speed sometimes corresponded to peaks in displacement 
data, but overall there was no consistent trend seen in both the wind speed and displacement data 
sets regardless of the wind direction. This observation was very different from the strong 
comparison between the wind speed and strain data observed in the DMS, and likely implies that 
fluid-structure interaction, such as shedding, plays a more prominent role in the RICWS.  
Acceleration data was also very important to the preliminary analysis of the RICWS. The first 
natural frequency was found to vary from 0.7 to 1.1 Hz. Figure 8.6 illustrates the variation in 
frequency data for the RICWS with changing air temperature for Peak 1 and Peak 2. Peak 1 refers 
to the first natural frequency of the structure. Peak 2 refers to the second significant frequency 
captured by the accelerometers. Because the accelerometers were placed normal to the sign, only 
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mode shapes with movement normal to the sign was captured by the accelerometers. The mode 
shape associated with Peak 2 has characteristics of a torsional mode, but until further exploration 
is done with the accelerometers applied tangential to the sign (i.e., in the E-W direction) it is 
unclear whether this significant frequency refers to the second or third mode.  
The relation between natural frequency and air temperature was not as prominent in the RICWS 
as it was in the DMS. The support posts of the DMS were extended from the base connection 
directly into the ground. The stiffness of the soil around the support posts likely directly affected 
the stiffness of the DMS base connection. In contrast, the slip base connection of the RICWS as 
shown in Figure 8.7 and Figure 8.8 was composed of three layers of square tube posts, in which 
each consecutive layer was placed within the previous. Furthermore, only one corner bolt was 
used to secure the tube post within the other two layers of tubing imbedded in the ground. A 
significant amount of slop was observed in the base connection when installing instrumentation in 
the field. It was hypothesized that the colder temperatures did result in the ground freezing, but 
the slop observed in the base connection reduced the effect of the frozen ground on the stiffness 
of the base connection.   
To explore the potential for resonance in the sign, the frequency of the displacement data was 
compared to the first natural frequency of the structure obtained from the accelerometer data. 
Figure 8.9 displays the first natural frequency of the RICWS, the prominent frequency of the 
displacement data, and the shedding frequency for the six critical wind events. The shedding 
frequency was computed using the Strouhal number recommended by the drag and wake 
experiments done at SAFL of 0.2.  
𝒇𝒇𝒔𝒔 = 𝑺𝑺𝒕𝒕 𝒖𝒖𝑳𝑳  (8.1) 
where: 
𝑺𝑺𝒕𝒕 =  Strouhal number, 0.2 
𝒇𝒇𝒔𝒔 =  Shedding frequency 
𝑳𝑳𝒅𝒅 =  Horizontal length across diamond plate, 54.97 in  
𝒖𝒖 =  Homogeneous upstream velocity, see Table 8.1 
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The length of the diamond sign was taken as the widest length across the surface of the diamond, 
normal to the N-S direction, and the upstream velocity was taken as the raw mean wind speed of 
the event. This value varies with each wind event. Consequently, the shedding frequency varies 
with each wind event. The prominent frequency of the displacement data follows the first natural 
frequency of the sign closely, implying resonance may play a role in the amplitude of the 
displacements. The shedding frequency also tracks the first natural frequency and oscillation 
frequency closely. In Figure 8.9 the shedding frequency aligns most closely with the first natural 
frequency and oscillation frequency for wind event 11/27 at 1400. This wind event is a tangential 
wind event, with winds primarily from the east. In contrast, wind event 11/21 at 0648, which is 
also a tangential wind event with winds primarily from the west, does not feature as strong an 
alignment between the shedding frequency, natural frequency, and oscillation frequency. It is also 
important to note that the Strouhal number referenced here was determined through the drag 
experiments done at SALF with flow normal to the sign. The drag experiments did not explore 
the shedding frequency for flow directly tangential to the sign. Further research is needed to 
determine if the wind direction or wind speed has a more significant impact on the correlation 
between the shedding frequency, natural frequency, and oscillation frequency observed in the 
data.   
Alignment between the shedding frequency, natural frequency, and oscillation frequency implies 
that vortex shedding, specifically the phenomenon of lock-in, may play a prominent role in the 
large amplitude oscillations observed in the RICWS (Williamson & Govardhan, 2004).  Vortex 
shedding occurs within a small window of wind speeds, generally between 10 and 35 mph 
(Kaczinski, Dexter, & Van Dien, 1998). Figure 8.10 displays the long-term wind speed data 
observed for the RICWS. Wind speeds consistently fall into the range susceptible to vortex 
shedding, giving even stronger indication that vortex shedding likely plays a significant role in 
the dynamic behavior of the RICWS under wind loading.  
8.2   Numerical Model Validation 
A FEM model and CFD model were developed by others on the research team to explore the 
behavior of the RICWS under wind loading conditions not observed in the field.  
130 
 
 FEM Model 
Abaqus (version 6.13.2) was used by others on the research team to create the structural model 
of the RICWS. The support posts were modeled using standard beam elements and properties 
specified by the manufacturer of the support posts, Telespar. The posts were assumed to be 
ASTM A36 steel, and the structure was assumed to be linear elastic. All sign panels and lights 
were modeled with rigid shells to eliminate any local plate deformation. The FEM model of the 
RICWS can be seen in Figure 8.11. The FEM model was inherently dynamic because of the 
necessary coupling between the FEM and CFD model. 
Based on the slop observed in the base connection in the field and the variation in the natural 
frequency of the RICWS with air temperature, it was assumed that the base connection was not 
fully fixed at the ground. The length of the RICWS model was adjusted such that the first natural 
frequency was approximately 1.1 Hz. Adding an additional 3 ft. to the structure beyond the length 
of the post measured above ground reduced the stiffness of the model and more closely resembled 
the conditions observed in the field at the base connection. The length was added through an 
iterative process until the desired first natural frequency of 1.1 Hz was achieved. The natural 
frequencies and corresponding mode shapes of the RICWS predicted by the model can be seen in 
Figure 8.12. Figure 8.13 compares the high energy frequencies observed for Wind Event 11/29 at 
2343 with the natural frequencies predicted by the FEM model. Good alignment was seen 
between the first natural frequency measured in the field and that predicted by the FEM model. 
The mode shape corresponding to the second significant frequency captured by the accelerometer 
data features characteristics of a torsional mode. Both the first and second mode predicted by the 
model feature characteristics of a torsional mode, but neither align well with the second 
significant frequency identified by the accelerometer data. Further research is needed to explore 
the significant frequency content of the structure with the accelerometers in the E-W direction 
and to make modifications to the dynamics of the RICWS FEM model, specifically to capture the 
slop of the base connection, to improve alignment between the model and the field behavior.  
Wind Event 11/29 at 2343 and Wind Event 12/05 at 1229 were chosen for preliminary 
comparison with the FEM model. Both wind events feature primarily normal winds and large 
wind speeds, which were considered ideal features for initial comparison with the FEM model. 
Dynamic pressure functions for each of the wind events were computed from the wind speed data 
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using the same procedures described in Chapter 5 for the DMS. The pressure functions were then 
applied to the dynamic RICWS model. Figure 8.14 displays the measured and simulated 
displacements for Wind Event 11/29 at 2343 and Wind Event 12/05 at 1229. Initial conditions 
were removed from both the displacements in the FEM model and measured displacements using 
the same methodology described in Chapter 5. Both data sets were also adjusted by shifting the 
data sets such that the first point of each response history was set to zero after the initial condition 
effect had been eliminated. The zero-value was adjusted done because the initial position of the 
sign in the field at the start of the wind event relative to the initial position of the FEM model was 
unknown.  
As seen in Figure 8.14, the displacement of the east and west post of the FEM model and field 
structure respectively are moving in sync throughout the event, but the collective movement of 
the FEM model and the field structure do not align with one another. This could be for a variety 
of reasons. First, this comparison was done before the FEM and CFD model were coupled. The 
effects of the fluid-structure interaction, that is vortex shedding, were not represented in the 
simulated displacements, but were inherent in the measured data. Repeating the comparison with 
the coupled FEM and CFD model could improve the alignment between the simulated and 
measured displacements. In addition, the method used to adjust for the true fixity of the base 
connection may not be as appropriate for the RICWS as it was for the DMS. The support posts of 
the DMS extend 12 ft. into the ground. The necessary 3 ft. of additional length needed to achieve 
a flexibility similar to the field DMS while maintaining a fixed based connection in the model 
seemed appropriate because the additional length was only approximately 20 percent of the 
length of the support posts embedded into the ground. In contrast, the RICWS anchor post 
extends into the ground approximately 4 ft. as seen in Figure 8.7. The support posts only extend 6 
to 8 inches within the anchor post, which implies the necessary 3 ft. of additional length to 
calibrate the FEM model with the first fundamental frequency of the field system may not be 
reasonable. In addition, extending the length of the posts directly affects the displacement along 
the height of the support posts, which could lead to poor comparison between simulated and 
measured displacements. Using a spring to adjust the fixity of the base connection would be more 
appropriate.  
For future comparisons between the simulated and measured displacements, the fixity at the base 
connection will be adjusted using a rotational spring, with stiffness determined through a simple 
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field exploration using the string potentiometers and a measured force applied to the sign 
structure. The force and displacement data could be used to compute an approximate stiffness of 
the base connection. The FEM and CFD model will also be coupled, to ensure the effects of the 
fluid-structure interaction are taken into consideration.  
 CFD Model 
The CFD model was developed by others on the research team to simulate the flow around the 
RICWS structure. The Navier-Stokes equations for incompressible flow were used to model the 
behavior of the fluid in the model. Only the two sign plates and two light components were 
accounted for in the CFD model because these were the components assumed to account for most 
of the wind resistance. Initial validation of the CFD model was done with the experiments done at 
SALF. Consequently, the flow domain was scaled to align with the model used in the 
experiments done at SAFL, resulting in a flow domain of 4 ft. x 2.6 ft. x 2.6 ft.  Open source 
software, Gmsh (version 3.05), was used to construct the mesh of the flow domain shown in 
Figure 8.15. The mesh was refined near the scaled RICWS structure to better capture the high 
level of shedding activity expected in that region.  
The validation and refinement of the CFD model is ongoing, but preliminary comparison between 
the results simulated by the CFD model and characteristics measured in the SAFL drag 
experiment have been completed. Table 8.2 compares the results of the CFD model simulations 
and the SAFL drag experiment. Good alignment was seen between the drag coefficient and the 
lift coefficient, but there was some disagreement between the shedding frequency predicted by 
the model and that measured in the drag experiment. Modifications are being made to the model 
to improve the alignment between the shedding frequency predicted by the CFD model and the 
frequency measured in the drag experiments.   
8.3   Potential Modifications 
Analysis of the dynamic behavior of RICWS under wind loading is still underway. Based on 
preliminary analysis of the field data, however, vortex shedding appears to play a prominent role 
in the displacement behavior. Alignment between the natural frequency, shedding frequency, and 
oscillation frequency of the structure implies lock-in, which is expected to generate large 
amplitude oscillations.  
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Vortex shedding can be mitigated by changing the dynamic characteristics or aerodynamic 
properties of the structure. The dynamic characteristics of the sign, that is, stiffness or mass, can 
be modified such that the natural frequency of the structure no longer aligns with the shedding 
and oscillation frequency. Alternatively, the aerodynamic properties of the sign could be altered 
by adding strategically placed fins such that the shedding frequency no longer aligns with the 
natural frequency and the oscillation frequency of the structure. A mechanical damper could also 
be employed to reduce the amplitude of the oscillations observed in the RICWS. Mechanical 
dampers are often used in luminaires to reduce the amplitude of the oscillations observed in the 
structures under vortex shedding (Dexter & Ricker, 2002). 
Future research will explore the suitability of a noncommercial damping device to reduce the 
amplitude of the oscillations observed with the RICWS, as well as feasible modifications to the 
aerodynamic properties of the sign. The validated CFD and FEM models will be used in 
conjunction with experimental testing in the SAFL wind tunnel to explore the most opportune 
aerodynamic modifications proposed.  The suitability of the noncommercial damping device will 
be assessed using analytical simulations and the findings of the validated CFD and FEM models.  
Future research will also explore the significance of the wind speed and wind direction on the 
alignment between the shedding frequency, natural frequency, and oscillation frequency. Further 
drag experiments may need to be performed at SAFL to investigate the shedding characteristics 
of the RICWS subjected to purely tangential winds.  
8.4   Summary 
Preliminary analysis of the RICWS field data suggests vortex shedding may have a significant 
role in the dynamic behavior of the RICWS subjected to wind loading. Alignment between the 
natural frequency, oscillation frequency, and shedding frequency of the sign suggests that lock-in 
could be possible. The wind speeds observed in the field also typically fall within the range that 
can generate significant vortex shedding effects. Validation of both the FEM and CFD model is 
ongoing. Future research will explore modifications to the aerodynamic properties of the sign to 
reduce the effects of vortex shedding.  
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Table 8.1 – Reference values for computing shedding frequency of RICWS 
Wind Event Mean Speed, mph 
(m/s) 
Shedding Frequency, Hz 
11/21 at 0648 13.76 (6.15) 0.88 
11/27 at 1400 17.58 (7.86) 1.13 
11/28 at 1407 15.64 (6.99) 1.00 
11/29 at 2343 18.72 (8.37) 1.20 
12/04 at 2322 15.9 (7.11) 1.02 
12/05 at 1229 19.40 (8.67) 1.24 
Note: Wind events were associated with a variety of directions. The shedding frequency was based on 
experiments done at SAFL for primarily normal loading.  
 
 
Table 8.2 – Comparison of RICWS characteristics simulated via the CFD model and found 
experimentally in SAFL drag experiment (with permission Qiming Zhu, 2018) 
Parameter Experimental Simulated with CFD 
Mean Drag Coefficient, 𝐶𝐶?̅?𝑑 1.34 1.314 
Mean Lift Coefficient, 𝐶𝐶?̅?𝑙 0.04 0.029 
Primary Shedding 
Frequency, 𝑓𝑓𝑠𝑠 
1.00 Hz 0.67 Hz 
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Figure 8.1 – Wind rose and wind speed history for critical wind events 11/21 at 0648 through 11/28 at 
1407  
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Figure 8.2 – Wind rose and wind speed history for critical wind events 11/29 at 2343 through 12/05 at 
1229 
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(c) Displacement history for Event 11/29 at 2343 
 
(d) Displacement history for Event 12/05 at 1229 
 
Figure 8.3 – Displacement history for primarily normal critical wind events 
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Figure 8.4 – Displacement history for primarily east critical wind events, Event 11/27 at 1400 
 
Figure 8.5 – Displacement history for primarily west critical wind events, Event 11/21 at 0648 
139 
 
 
Figure 8.6 – Natural frequency variation with temperature 
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Figure 8.7 – RICWS slip base connection (shared by MnDOT, 2018) 
 
Figure 8.8 – Image of breakaway base connection for RICWS 
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Note: Wind events were associated with a variety of directions. The shedding frequency was based on 
experiments done at SAFL for primarily normal loading.  
Figure 8.9 – Natural frequency, displacement frequency, and shedding frequency of RICWS 
 
Figure 8.10 – Peak five-minute-average wind speed during November and December 
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Figure 8.11 – RICWS FEM model (with permission Lam Nguyen, 2018) 
 
1.1 Hz    1.7 Hz    4.1 Hz 
Figure 8.12 – Natural frequencies and mode shapes of RICWS FEM model (with permission Lam 
Nguyen, 2018) 
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Figure 8.13 – Comparison of natural frequencies of FEM model and field RICWS for Event 11/29 at 
2343  
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(a) Measured and simulated displacement history for Event 11/29 at 2343 
 
(b) Measured and simulated displacement history for Event 12/05 at 1229 
 
Figure 8.14 – Comparison of FEM model displacements and measured displacements 
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(a) Complete mesh of the flow domain 
 
(b) Refined mesh near the RICWS 
Figure 8.15 – Elevation view of mesh of flow domain (with permission Qiming Zhu, 2018) 
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Chapter 9: Conclusions and Future Research 
This research aimed to address concerns associated with wind-induced vibrations in the DMS and 
RICWS structures. Both signs are much larger and heavier than signs traditionally supported on 
their specific support structures. The heavier signs were believed to undergo wind-induced 
vibrations not normally seen in typical road side signs. The current AASHTO LRFD 
Specification for SLTS does not address vibration design for these nontraditional roadside signs.  
The DMS Type A support system, specifically the friction fuse connection, is susceptible to the 
formation of stress concentrations and potential fatigue issues. This research assessed the fatigue 
life of the Type A support system with the current DMS design. Large amplitude oscillations 
under wind loading have already been observed in the RICWS. Research was done to explore the 
wind-induced dynamic behavior of the RICWS to explore suitable modifications to the RICWS 
support system for reducing the amplitude of the wind-induced oscillations.  
9.1   Summary of Key Conclusions 
1. Analysis of the DMS required the use of a dynamic FEM model. This implied that the 
mass of the structure had a significant impact on the response of the structure.  
2. The fatigue life of the DMS was evaluated which required: (1) identification of the 
fatigue critical detail category of the fuse plate which was considered the fatigue critical 
detail of the support system, (2) the limit-state wind loading, and (3) knowledge of the 
potential number of cycles the DMS would undergo at the critical stress range. The fuse 
plate was classified as Fatigue Category D based on research done by Brown et al. 
(2007). The fatigue category dictated the CAFT and number of cycles the detail could 
undergo for a given stress range. The fatigue limit-state wind loading was defined to be 
the mean hourly wind speed with 0.01 percent exceedance based on previous research 
presented in NCHRP 412 (1998) and NCHRP 469 (2002).  
3. Dynamic loading functions were developed for use with the FEM model using the 
Davenport spectrum, which was found to fit well with the wind data recorded in the field.  
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4. Based on the analysis using the equivalent static pressure equation for natural wind gusts 
prescribed by the AASHTO LRFD Specification for SLTS, the specific DMS and Type A 
support system instrumented in the field met the requirements for infinite fatigue life if 
the behavior of the structure subjected to tangential loading resembled a fixed-free 
(Model 1) or fixed-side sway (Model 2) condition. If the behavior under tangential 
loading resembled a pinned-side sway (Model 3) condition, then the fatigue stress 
demand exceeded the CAFT. The fatigue stress demand when using Model 3 was 7.2 ksi 
which just exceeded the CAFT of 7.0 ksi.  
5. The specific DMS and Type A support system instrumented in the field did not meet the 
requirements for infinite fatigue life based on the dynamic analysis preformed with the 
FEM model and appropriate dynamic loading functions. Fatigue stresses within the fuse 
plate reached 9.27 ksi, which exceeded the recommended CAFT of 7.0 ksi. A service life 
of 23.8 years was conservatively estimated for the field DMS based on the number of 
cycles the DMS was estimated to undergo in its lifetime and the number of cycles 
allowed for a fatigue Category D detail and the critical stress range of approximately 10 
ksi.  
6. Other DMS in service may also be subjected to fatigue stresses beyond the recommended 
CAFT depending on the size of the sign panel, height of the posts, sign location, and the 
relative location of the friction fuse connection.   
7. Preliminary analysis of the RICWS field data suggests vortex shedding may have a 
significant role in the dynamic behavior of the RICWS under wind loading. Alignment 
between the natural frequency, oscillation frequency, and shedding frequency of the sign 
suggest that lock-in could be possible. 
8. Because vortex shedding is such a prominent behavior, altering the shedding frequency 
using fins may be a reliable method for reducing the amplitude of the oscillations 
observed in the RICWS. 
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9.2   Recommended Future Research 
The research presented here on the DMS was very specific to the structure and region of the DMS 
instrumented in the field. A broader assessment of the viability of the Type A support system in 
conjunction with the various DMS in service is needed to extend the results of this research. The 
key features of the Type A support system and DMS panel that affect the fatigue stress demand in 
the friction fuse connection should continue to be explored. Dynamic pressure functions should 
also be developed for other regions of the state where DMS are located but the characteristics of 
the wind loading may be different.  
The results of the dynamic analysis performed with the experimentally validated FEM model 
differed significantly from the analysis with the equivalent static pressure equation for natural 
wind gusts prescribed in the AASHTO LRFD Specification for SLTS. Results of the dynamic 
analysis controlled, with a peak stress of 9.27 ksi compared to a peak stress of 7.2 ksi in the static 
analysis although both analyses used the same drag coefficient and equivalent limit-state wind 
loading. Reasons for the disagreement between the two analysis methods should continue to be 
explored. One possible source of disagreement could be from the assumptions made in the static 
analysis for normal wind loading, which did not account for the difference in deformation of the 
two different post lengths and associated load distribution. Other disagreement could stem from 
assumptions embedded in the original structures, generally cantilever structures, used in previous 
research (Kaczinski, Dexter, & Van Dien, 1998; Dexter & Ricker, 2002) to develop the 
equivalent static pressure equation for natural wind gusts (6.25), which features a constant of 5.2. 
It is likely that these original structures did not contain some of the key characteristics of the 
DMS, such as the breakaway connections, and there may be a need to revisit the derivation of 
these equations for roadside signs like the DMS that feature this unique support system where a 
constant value of 5.2 may not be appropriate.  
The dynamic response of the DMS due to vortex shedding was not explored in detail in the 
research presented here. The FEM model utilized as the primary tool for the evaluation of the 
fatigue life of the structure did not consider vortex shedding. The phenomena of vortex shedding, 
and more specifically lock-in, is plausible for wind loading tangential to the sign. Further research 
is needed to determine the impact of vortex shedding on the response of the DMS. Experimental 
work at SAFL is recommended. It is also recommended that the dynamic behavior of the FEM 
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model of the DMS under primarily tangential loading be improved, specifically in the friction 
fuse connection where adequate field data for comparison was not available.  
Much of the research surrounding the RICWS is still on going. Preliminary analysis of the field 
data suggests vortex shedding is a prominent phenomenon acting on the structure. Future research 
should explore the significance of the wind speed and wind direction on the alignment between 
the shedding frequency, natural frequency, and oscillation frequency. Further drag experiments 
may need to be performed at SAFL to investigate the shedding characteristics of the RICWS 
subjected to purely tangential winds. Future research should also explore modifications to the 
aerodynamic properties of the sign to reduce the effects of vortex shedding. The suitability of a 
mechanical damper to reduce the amplitude of the oscillations observed in the sign should also be 
explored. Both the FEM and CFD model still require validation to do so.  
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Appendix A: DMS Field Monitoring Supplemental Information 
Supplemental information for the DMS field deployment and data collection procedures are 
provided in this appendix. Details for the sensors used in the DMS instrumentation are provided 
in Table A.1 and Table A.2. A log of all major modifications to the DMS data collection system 
is provided in Table A.3. The temperature compensation curve provided by the gage 
manufacturer is reproduced in Figure A.1. Detailed gage locations are provided in Figure A.2 
through Figure A.8. The dimensions in Figure A.2 through Figure A.6 are taken from the dashed 
line referencing the edge of the section to the center of each gage. In Figure A.7 and Figure A.8 
the dimensions are taken from the edge of the plate to the center of the gage. In Figure A.8 the 
gages shown with a red ‘X’ through them were not installed because conduit was covering this 
portion of the plate. Gage groups are illustrated in Figure A.9 through Figure A.11. In Figure A.9 
through Figure A.11 a red box signifies that all gages outlined by the box are connected to the 
logger. A yellow box signifies that not all gages outlined by the yellow box are connected to the 
logger. The annotation to the right of the yellow box stipulates which gages outlined within the 
yellow box are connected to the logger for that group.  
The program used for the data collection is provided in Section A.1. The program is from the 
most recent update, completed October 31, 2017. Between August 28, 2017 and October 31, 2017 
there was an error in the data logger processing system that resulted in a drift in the clock used to 
designate the time stamp for the data sampled at 1 Hz (wind speed, wind direction, and air 
temperature). As a result, there was an offset between the time stamp of the 1 Hz data (wind 
speed, wind direction, and air temperature) and the 200 Hz data (strain and acceleration). The 
data sampled during the time the error existed could still be processed by applying the initial 
offset between the time stamp of the 1 Hz data and the time stamp of the 200 Hz data for a wind 
event to all the 1 Hz data entries in the wind event. Wind events were most easily recognized by 
large gaps in time between the time stamp indicating a wind event had concluded and another 
wind event had been triggered. 
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Table A.1 – Sensor details 
Count Sensor Manufacture Model Sensor Parameters 
6 0.118 in (3 mm) uniaxial strain gage OMEGA 
KFH-3-350-C1-
11L3M3R 
See  
Table A.2 for gage factor. 
Input voltage of 2.5V 
36 0.236 in (6 mm) uniaxial strain gage OMEGA 
KFH-6-350-C1-
11L3M3R 
See  
Table A.2 for gage factor. 
Input voltage of 2.5V 
10 
Rectangular rosette 
with 0.118 in 
(3mm) gages 
OMEGA KFH-3-350-D17-11L3M3S 
See  
Table A.2 for gage factor. 
Input voltage of 2.5V 
2 Anemometer Campbell Scientific 
03002-L50 RM Young 
Wind Sentry Set 
Speed: ±1.1 𝑚𝑚𝑚𝑚ℎ �±0.5 𝑚𝑚
𝑠𝑠
� 
Vane: ±5° 
1 Temperature probe and shield 
Campbell 
Scientific 
107-17-PT 
Temperature Probe 
41303-5A RM Young 
6-Plate Solar Radiation 
Shield 
±0.2℃ 
2 Accelerometer PCB Piezotronics 
3711B1210G Single 
Axis DC 
Accelerometer 
200  𝑚𝑚𝑉𝑉/𝑔𝑔 
 All gages were attached to the CR9000X using a 350 ohm, 4-wire full-bridge terminal input 
module (4WFBS350) from Campbell Scientific  
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Table A.2 – Gage factor (GF) for all strain gages 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gage GF 
1 2.04 
2 2.04 
3 2.04 
4 2.04 
5 2.04 
6 2.04 
7 2.01 
8 2.00 
9 2.01 
10 2.01 
11 2.00 
12 2.01 
13 2.04 
14 2.04 
15 2.04 
16 2.04 
17 2.04 
18 2.04 
19 2.01 
20 2.00 
21 2.01 
22 2.01 
23 2.00 
24 2.01 
25 2.04 
26 2.04 
27 2.04 
28 2.04 
29 2.04 
30 2.04 
31 2.01 
32 2.00 
33 2.01 
34 2.01 
35 2.00 
36 2.01 
37 2.04 
38 2.04 
Gage GF 
39 2.04 
40 2.04 
41 2.04 
42 2.04 
43 2.01 
44 2.00 
45 2.01 
46 2.01 
47 2.00 
48 2.01 
49 2.01 
50 2.00 
51 2.01 
52 2.01 
53 2.00 
54 2.01 
55 2.04 
56 2.04 
57 2.04 
58 2.04 
59 2.04 
60 2.04 
61 2.00 
62 2.00 
63 2.00 
64 2.04 
65 2.04 
66 2.04 
67 2.04 
68 2.04 
69 2.04 
70 2.04 
71 2.00 
72 2.00 
73 2.00 
74 2.04 
Coupon(s) 2.04 
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Table A.3 – Log of major modifications to DMS data collection system 
Date Modification to Data Collection System 
08/17/2017 
DMS data collection begins 
Gages connected in Group 1 
Threshold at 13.4 mph (6 m/s) 
08/23/2017 
Gages connected in Group 2 
Added single coupon located on the ground, centered between support posts  
08/28/2017 
Updated program, updates caused error in time stamp between data sampled at 
200 Hz (strain and acceleration) and data sampled at 1 Hz (wind speed, wind 
direction, air temperature) 
09/01/2017 Threshold at 22.4 mph (10 m/s) 
09/15/2017 DMS data logger died and restarted within same day 
09/19/2017 Accelerometers glued directly to the support posts 
09/20/2017 DMS data logger died and restarted 
09/21/2017 Threshold at 26.8 mph (12 m/s) 
09/22/2017 DMS data logger died and restarted within same day 
09/29/2017 
Accelerometer 1 moved to web 
Gages connected in Group 3 
Coupon added, so that now one coupon on ground at base of each support post 
09/30/2017 DMS data logger died and did not restart 
10/14/2017 Replaced DMS data logger batteries and charger 
10/31/2017 
Replaced extension cord powering DMS 
New DMS program to correct time stamp error 
Removed Anemometer 2 for use with RICWS 
Threshold at 22.4 mph (10 m/s) 
11/29/2017 
Threshold at 31.3 mph (14 m/s) 
Refreshed DMS program 
12/09/2017 Moved Accelerometer 1 from the web to the flange of the support post 
01/20/2018 Site visit to refresh DMS modem 
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Figure A.1 – Temperature compensation curve provided for all strain gages 
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Figure A.2 – Location of strain gages at base of east post 
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Figure A.3 –Location of strain gages at base of west post 
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Figure A.4 – Location of strain gages 3 ft. from base of west post 
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Figure A.5 – Location of strain gages 6 ft. from base of west post 
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Figure A.6 – Location of strain gages at splice of west post 
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Figure A.7 – Location of strain gages on west friction fuse connection 
 
 
Figure A.8 – Location of strain gages on east friction fuse connection 
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Figure A.9 – Strain gage Group 1 
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Figure A.10 – Strain gage Group 2 
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Figure A.11 – Strain gage Group 3 
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A.1  DMS Data Collection Code 
The following program was written by Chris Ellis of SAFL for the CR9000X used with the DMS 
data collection system. The code was last updated on October 31, 2017.  
'CR9000X Series Datalogger 
 
SlotConfigure(9050,9050,9050,9050,9060,9060,9060,9060,9071) 
 
'\\\\\\\\\\\\\\\\\\\\  DECLARE VARIABLES  ///////////////////////////// 
 
'Constants 
Const MainScanPeriod_mS = 5  'milliseconds 
Const MeasIntegTime_uS = 60'microseconds 
Const GageCount = 54 
Const BrConfig = -1 'Block1 gage code for quater bridge strain using 
4WFBS350 module 
'Const PoissonRatio = 0.303  (Poisson Ratio not needed for 1/4 bridge 
gage configuration) 
Const SaveFastDataTimer = 1 
 
'------------------Strain Variables------------------------- 
Public GF(GageCount)  'Gage Factor - update with actual from gage 
package 
Public Strain_mVperV(GageCount) 
Units Strain_mVperV = mV/V 
Public Strain(GageCount) 
Units Strain = uStrain 
Public Zero_MvperV(GageCount) 
Units Zero_MvperV = mV/V 
Public Zero_Strain(GageCount) 
Units Zero_Strain = uStrain 
Public MaxStrain(2) 
Alias MaxStrain(1) = MaxStrainValue 
Units MaxStrainValue = uStrain 
Alias MaxStrain(2) = MaxStrainLoc 
Public MaxStrain_1S 
Units MaxStrain_1S = uStrain 
Public SaveStrainThreshold = 100 
Units SaveStrainThreshold = uStrain 
'Variables in the Strain Zeroing Function 
Public StrainCalMode  '0 for not calibrated, 2 for calibration in 
progress, 6 for calibration complete 
Public ZeroStrains As Boolean = False 
 
'________________________Accelerometer Variables 
________________________ 
Const AccelCount = 2 
Public Accel(AccelCount) 
Units Accel = g 
Public AccelSlope(AccelCount) = {1/195.8,1/196.4}  'Order:  
SN10392,SN10901 
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Public AccelOffset(AccelCount) = {-7.0/195.8,-3.0/196.4}  'Offsets 
updated during in situ zeroing 
Public AccelKnownOffset(AccelCount) = {0,0} 
Alias Accel(1) = Accel_1  'Accel_1 >> SN10392 
Alias Accel(2) = Accel_2  'Accel_2 >> SN10901 
Public MaxAccel(2) 
Alias MaxAccel(1) = MaxAccelValue 
Units MaxAccelValue = g 
Alias MaxAccel(2) = MaxAccelLoc 
Public MaxAccel_1S 
Units MaxAccel_1S = g 
Public SaveAccelThreshold = 1 
Units SaveAccelThreshold = g 
'Variables in the Accel Zeroing Function 
Public AccelCalMode  '0 for not calibrated, 2 for calibration in 
progress, 6 for calibration complete 
Public ZeroAccels As Boolean = False 
 
'-----------------Wind and Air Temperature Variables------------------ 
Public WindSpeed(2) 
Alias WindSpeed(1) = WindSpeedUp 
Alias WindSpeed(2) = WindSpeedDown 
Units WindSpeed = m/s 
Public MaxWindSpd(2) 
Alias MaxWindSpd(1) = MaxWindSpdValue 
Units MaxWindSpdValue = g 
Alias MaxWindSpd(2) = MaxWindSpdLoc 
Units MaxWindSpd = m/s 
Public SaveWindSpdThreshold = 10 
Units SaveWindSpdThreshold = m/s 
Public WindDir(2)  'only 1 wind direction sensor populating both array 
elements 
Units WindDir = deg 
Public AirTemp_mVperV 
Units AirTemp_mVperV = mV/V 
Public Rs 
Units Rs = ohms 
Public AirTemp 
Units AirTemp = degC 
Public LoggerTemp 
Units LoggerTemp = degC 
'Coefficients for 107 temp probe temp calculation 
Const A = 8.271111E-4 
Const B = 2.088020E-4 
Const C = 8.059200E-8 
 
'-------------------General Variables------------------------ 
Dim I 
Public CalFileLoaded As Boolean 
Public Batt_V 
Units Batt_V = volts 
Public Batt_mA 
Units Batt_mA = mA 
'Variables for both Strain and Accel Zeroing and Fast Saving 
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Public ZeroingTime_S = 10 
Public ZeroingScans 
Public SaveFastData As Boolean = False 
Public SaveFastDataDuration_S = 300  'seconds 
Public SaveFastDataOverride As Boolean = True 
 
 
'---------------------------- Tables---------------------------- 
 
DataTable(Raw,SaveFastData,-1)  'Trigger, auto size 
  CardOut(0,-1) 
  'DataInterval(0,MainScanPeriod_mS,mSec,100) 
  Sample(GageCount,Strain(),FP2) 
  Sample(AccelCount,Accel(),FP2) 
EndTable 
 
DataTable(_1Sec,SaveFastData,-1)  'Trigger, auto size 
  CardOut(0,-1) 
  DataInterval(0,1,Sec,100) 
  Sample(2,WindSpeed(),FP2)  'these are 1 sec. running averages of wind 
speeds measured in the Main Scan 
  Sample(1,WindDir,FP2) 
  Sample(1,AirTemp,FP2) 
EndTable 
 
DataTable(_5Min,True,1440)  '5 days of records 
  CardOut(0,-1) 
  DataInterval(0,5,Min,100) 
  Average(GageCount,Strain(),FP2,False) 
  StdDev(GageCount,Strain(),FP2,False) 
  Maximum(GageCount,Strain(),FP2,False,False) 
  Minimum(GageCount,Strain(),FP2,False,False) 
  Average(AccelCount,Accel(),FP2,False) 
  StdDev(AccelCount,Accel(),FP2,False) 
  Maximum(AccelCount,Accel(),FP2,False,False) 
  Minimum(AccelCount,Accel(),FP2,False,False) 
  WindVector(1,WindSpeedUp,WindDir(1),FP2,False,0,0,0) 
  WindVector(1,WindSpeedDown,WindDir(2),FP2,False,0,0,0) 
  Maximum(2,WindSpeed(),FP2,False,False) 
  Average(1,AirTemp,FP2,False) 
  Average(1,Batt_V,FP2,False) 
  Minimum(1,Batt_V,FP2,False,False) 
  Average(1,Batt_mA,FP2,False) 
  Maximum(1,Batt_mA,FP2,False,False) 
  Sample(1,MainScanPeriod_mS,FP2) 
  FieldNames( "MainScanPeriod_mS" ) 
  Sample(1,MeasIntegTime_uS,FP2) 
  FieldNames( "MeasIntegTime_uS" ) 
EndTable 
 
DataTable(CalHist,NewFieldCal,50) 
  SampleFieldCal 
EndTable 
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'\\\\\\\\\\\\\\\\\\\\\\\\\\\\ PROGRAM //////////////////////////// 
 
BeginProg 
  'For I = 1 To 19: GF(I) = 2 
  'Next I 
  'For I = 20 To GageCount: GF(I) = 2 
  'Next I 
 
  GF(1)=2.04 : GF(2)=2.04 : GF(3)=2.04 : GF(4)=2.04 : GF(5)=2.04 : 
GF(6)=2.04 : GF(7)=2.01 : GF(8)=2.0 : GF(9)=2.01 : GF(10)=2.01 : 
GF(11)=2.0 : GF(12)=2.01 
  GF(13)=2.04 : GF(14)=2.04 : GF(15)=2.04 : GF(16)=2.04 : GF(17)=2.04 : 
GF(18)=2.04 : GF(19)=2.0 : GF(20)=2.0 : GF(21)=2.0 : GF(22)=2.04 
  GF(23)=2.04 : GF(24)=2.04 : GF(25)=2.04 : GF(26)=2.04 : GF(27)=2.04 : 
GF(28)=2.04 : GF(29)=2.0 : GF(30)=2.0 : GF(31)=2.0 : GF(32)=2.04 
  GF(33)=2.04 : GF(34)=2.04 : GF(35) = 2.04 : GF(36) = 2.04 
  GF(37)=2.04 : GF(38)=2.04 : GF(39)=2.04 : GF(40)=2.04 : GF(41)=2.04 : 
GF(42)=2.04 : GF(43)=2.01 : GF(44)=2.0 : GF(45)=2.01 : GF(46)=2.01 : 
GF(47)=2.0 : GF(48)=2.01 
  GF(49)=2.01 : GF(50)=2.0 : GF(51)=2.01 : GF(52)=2.01 : GF(53)=2.0 : 
GF(54)=2.01 
 
 
  CalFileLoaded = LoadFieldCal(0)  '  If a calibration has been done,  
will load the zero from the Calibration file 
 
  Scan(MainScanPeriod_mS,mSec,100,0) 
 
    '______________________________Strain 
Gages_____________________________________ 
    'Nicole changed the excitation voltage to 2500. This is desired as 
we do not want to exceed the maximum excitation voltage for the gages 
    
BrFull(Strain_mVperV(1),14,mV50,4,1,8,1,3,2500,False,False,0,MeasIntegT
ime_uS,1,0) 
    
BrFull(Strain_mVperV(15),14,mV50,5,1,9,1,3,2500,False,False,0,MeasInteg
Time_uS,1,0) 
    
BrFull(Strain_mVperV(29),14,mV50,6,1,10,1,3,2500,False,False,0,MeasInte
gTime_uS,1,0) 
    
BrFull(Strain_mVperV(43),12,mV50,7,1,11,1,3,2500,False,False,0,MeasInte
gTime_uS,1,0) 
 
    
StrainCalc(Strain(),GageCount,Strain_mVperV(),Zero_MvperV(),BrConfig,GF
(),0) 'Strain calculation (Poisson Ratio not needed for 1/4 bridge gage 
configuration) 
 
    MaxSpa(MaxStrain(),GageCount,ABS(Strain())) 
    If MaxStrainValue > MaxStrain_1S Then MaxStrain_1S = MaxStrain 
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    If ZeroStrains AND NOT (StrainCalMode = 2) Then StrainCalMode = 
1'Set the Mode for the zero function to 1 to start the zero process 
    
'FieldCalStrain(Zeroing,Mvar,reps,GF_adj,Zeromv_V,ModeVar,KnownVar,inde
x,Numavg,GF_Raw) 
    
FieldCalStrain(10,Strain_mVperV(),GageCount,0,Zero_MvperV(),StrainCalMo
de,0,1,ZeroingScans,0,Zero_Strain()) 
    If ZeroStrains AND NOT (StrainCalMode = 2) Then ZeroStrains = False 
 
    '____________________________Wind 
Speed_____________________________ 
    PulseCount(WindSpeed(),2,12,1,1,1000,0.75,0.2)  '03002 or 03101 RM 
Young Wind Sentry Wind Speed Sensor measurement - 1 second running 
average 
    If WindSpeed(1)<0.21 Then WindSpeed(1)=0 
    If WindSpeed(2)<0.21 Then WindSpeed(2)=0 
    MaxSpa(MaxWindSpd,2,WindSpeed()) 
 
    
'____________________________Accelerometers____________________________
___ 
 
    
VoltSe(Accel(),2,mV5000,7,25,0,MeasIntegTime_uS,AccelSlope(),AccelOffse
t()) 
 
    MaxSpa(MaxAccel(),AccelCount,ABS(Accel())) 
    If MaxAccelValue > MaxAccel_1S Then MaxAccel_1S = MaxAccel 
 
    If ZeroAccels AND NOT (AccelCalMode = 2) Then AccelCalMode = 1'Set 
the Mode for the zero function to 1 to start the zero process 
    FieldCal 
(0,Accel(),AccelCount,0,AccelOffset(),AccelCalMode,AccelKnownOffset(),1
,ZeroingScans) 
    If ZeroAccels AND NOT (AccelCalMode = 2) Then ZeroAccels = False 
 
    '_________________Call Output 
Tables_________________________________ 
    CallTable Raw 
    CallTable _5Min 
    CallTable CalHist 
    CallTable _1Sec 
  Next Scan 
 
  SlowSequence 
  Scan(1,sec,10,0) 
    ZeroingScans = ZeroingTime_S * 1000 / MainScanPeriod_mS 
 
    If NOT SaveFastDataOverride Then 
      If((MaxAccel_1S>SaveAccelThreshold) OR 
(MaxWindSpdValue>SaveWindSpdThreshold)) AND NOT SaveFastData Then    
'DELETED MAX STRAIN THRESHOLD 
        SaveFastData = True 
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        Timer(SaveFastDataTimer,Sec,2) 
      EndIf 
      If SaveFastData AND (Timer(SaveFastDataTimer,Sec,4) > 
SaveFastDataDuration_S) Then SaveFastData = False 
    EndIf 
    MaxStrain_1S  = 0 
    MaxAccel_1S  = 0 
 
    '03002 or 03301 RM Young Wind Sentry Wind Direction Sensor 
measurement - WindDir: 
    
BrHalf(WindDir(1),1,mV5000,7,27,8,14,1,5000,False,0,MeasIntegTime_uS,35
2,0) 
    If WindDir(1)>=360 OR WindDir(1)<0 Then WindDir(1)=0 
    WindDir(2) = WindDir(1) 
    '107 temperature probe (from manual) 
    
BrHalf(AirTemp_mVperV,1,mV50,7,28,8,16,1,5000,False,0,MeasIntegTime_uS,
1,0) 
    Rs = 1000/AirTemp_mVperV - 250000 
    AirTemp = (1/(A+B*LN(Rs)+C*(LN(Rs))^3))-273.15 
    ModuleTemp(LoggerTemp,1,4,_60Hz) 
    Battery(Batt_V,0) 
    Battery(Batt_mA,1) 
    BiasComp : Calibrate '<-- MGWm1+: compensate CR9041 ADC for 
temperature changes occurring since program start. 
  NextScan 
  EndSequence 
EndProg 
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Appendix B: RICWS Field Monitoring Supplemental Information 
Supplemental information for the RICWS field deployment and data collection procedures are 
provided in this appendix. Details for the sensors used in the RICWS instrumentation are 
provided in Table B.1. A log of all major modifications to the RICWS data collection system is 
provided in Table B.2. The program used for the data collection is provided in Section B.1 
corresponding to the November 6, 2017 update.  
Table B.1 – Sensor details 
Count Sensor Manufacture Model Sensor Parameters 
2 String Potentiometer UniMeasure JX-P510-15-N11-10S-N15 
Pot 1 = 0.0015112 
inches/mV 
Pot 2 = 0.0015086 
inches/mV 
1 Anemometer Campbell Scientific 
03002-L50 RM Young 
Wind Sentry Set 
Speed: ±1.1 𝑚𝑚𝑚𝑚ℎ �±0.5 𝑚𝑚
𝑠𝑠
� 
Vane: ±5° 
1 Temperature probe and shield 
Campbell 
Scientific 
107-17-PT Temperature 
Probe 
41303-5A RM Young 
6-Plate Solar Radiation 
Shield 
±0.2℃ 
2 Accelerometer PCB Piezotronics 
3711B1210G Single 
Axis DC Accelerometer 201  𝑚𝑚𝑉𝑉/𝑔𝑔 
 
  
B.2 
 
Table B.2 – Log of major modifications to RICWS data collection system 
Date Modification to Data Collection System 
11/17/2017 
RICWS data collection begins 
Threshold at 7 m/s 
11/21/2017 Threshold at 10 m/s 
11/29/2017 Threshold at 14 m/s 
01/12/2018 Threshold at 12 m/s 
01/15/2018 Threshold at 10 m/s  
01/19/2018 Threshold at 9 m/s  
01/24/2018 Threshold at 14 m/s  
02/02/2018 Threshold at 12 m/s 
 
B.1  RICWS Data Collection Code 
The following program was written by Chris Ellis of SAFL for the CR1000 used with the RICWS 
data collection system. The code was last updated on November 6, 2017.  
'CR1000 Series Datalogger 
'date: 
'program author: 
PipeLineMode 
PreserveVariables 
 
'Declare Constants 
Const MainScanPeriod_mS = 10 
Const MeasIntegTime_uS = 250 
Const SaveFastDataTimer = 1 
 
'Declare Public Variables 
'-----------------Wind and Air Temperature Variables------------------ 
Public WindSpeed 
Units WindSpeed = m/s 
Public WindDir 
Units WindDir = deg 
Public SaveWindSpdThreshold = 7 
Units SaveWindSpdThreshold = m/s 
Public AirTemp 
Units AirTemp = degC 
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'________________________Accelerometer Variables 
________________________ 
Const AccelCount = 2 
Public Accel(AccelCount) 
Units Accel = g 
Public AccelSlope(AccelCount) = {1/198.7,1/198.2}  'Order:  
SN11195,SN11196  
Public AccelOffset(AccelCount) = {6/198.7,.5/198.2}  'Offsets updated 
during in situ zeroing 
Public AccelKnownOffset(AccelCount) = {0,0} 
Alias Accel(1) = Accel_1  'Accel_1 >> SN11195 
Alias Accel(2) = Accel_2  'Accel_2 >> SN11196 
'Variables in the Accel Zeroing Function 
Public AccelCalMode  '0 for not calibrated, 2 for calibration in 
progress, 6 for calibration complete 
Public ZeroAccels As Boolean = False 
'________________________String Pot Variables ________________________ 
Const PotCount = 2 
Public Pot(PotCount) 
Units Pot = ??? 
'Pot(1) slope: 15"/(4928mV-(-4998mV))=.0015112 inches/mV 
'Pot(2) slope:  15"/(4978mV-(-4965mV))=.0015086 inches/mV 
Public PotSlope(PotCount) = {.0015112,.0015086}  'Order:  
SN47100612,SN47100613 
Public PotOffset(PotCount) = {7.5,7.5}'inches  'Offsets updated during 
in situ zeroing 
Public PotKnownOffset(PotCount) = {0,0} 
Alias Pot(1) = Pot_1  'Pot_1 >> SN47100612 
Alias Pot(2) = Pot_2  'Pot_2 >> SN47100613 
'Variables in the Pot Zeroing Function 
Public PotCalMode  '0 for not calibrated, 2 for calibration in 
progress, 6 for calibration complete 
Public ZeroPots As Boolean = False 
'________________________Other Variables _______________________ 
Public CalFileLoaded As Boolean 
Public batt_volt 
Public SaveFastData As Boolean = False 
Public SaveFastDataOverride As Boolean = True 
Public SaveFastDataDuration_S = 60 
Public ZeroingTime_S = 10 
Public ZeroingScans 
Public AllowRestart As Boolean = True 
 
'Define Data Tables. 
DataTable (Raw,True,-1) 'Set table size to # of records, or -1 to 
autoallocate. 
  'DataInterval (0,MainScanInterval_mS,mSec,10) 
  Sample(2,Accel(),FP2) 
  Sample(2,Pot(),FP2) 
EndTable 
 
DataTable(_1Sec,True,-1) 
  'DataInterval(0,1,Sec,10) 
  Sample(1,WindSpeed,FP2) 
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  Sample(1,WindDir,FP2) 
  Sample(1,AirTemp,FP2) 
EndTable 
 
DataTable(_5Min,True,1440)  '5 days of records 
  DataInterval(0,5,Min,100) 
  Average(2,Accel(),FP2,False) 
  StdDev(2,Accel(),FP2,False) 
  Maximum(2,Accel(),FP2,False,False) 
  Minimum(2,Accel(),FP2,False,False) 
  Average(2,Pot(),FP2,False) 
  StdDev(2,Pot(),FP2,False) 
  Maximum(2,Pot(),FP2,False,False) 
  Minimum(2,Pot(),FP2,False,False) 
  WindVector(1,WindSpeed,WindDir,FP2,False,0,0,0) 
  Maximum(1,WindSpeed,FP2,False,False) 
  Average(1,AirTemp,FP2,False) 
  Average(1,batt_volt,FP2,False) 
  Minimum(1,batt_volt,FP2,False,False) 
  Sample(1,MainScanPeriod_mS,FP2) 
  FieldNames( "MainScanPeriod_mS" ) 
  Sample(1,MeasIntegTime_uS,FP2) 
  FieldNames( "MeasIntegTime_uS" ) 
  Maximum(1,Status.SkippedScan,fp2,False,False) 
  Maximum(1,Status.SkippedSlowScan,fp2,False,False) 
  Sample(1,Status.MaxBuffDepth,fp2) 
EndTable 
 
DataTable(CalHist,NewFieldCal,50) 
  SampleFieldCal 
EndTable 
 
'Main Program 
BeginProg 
  CalFileLoaded = LoadFieldCal(0)  '  If a calibration has been done,  
will load the zero from the Calibration file 
  Scan (MainScanPeriod_mS,mSec,500,0) 
    '____________________________Wind 
Speed_____________________________ 
    PulseCount(WindSpeed,1,1,1,1000,0.75,0.2)  '03002 or 03101 RM Young 
Wind Sentry Wind Speed Sensor measurement 
    If WindSpeed<0.21 Then WindSpeed=0 
    
'____________________________Accelerometers____________________________
___ 
    
VoltSe(Accel(),2,mV5000,9,False,0,MeasIntegTime_uS,AccelSlope(),AccelOf
fset()) 
    If ZeroAccels Then 
      If NOT (AccelCalMode = 2) Then AccelCalMode = 1'Set the Mode for 
the zero function to 1 to start the zero process 
      FieldCal 
(0,Accel(),AccelCount,0,AccelOffset(),AccelCalMode,AccelKnownOffset(),1
,ZeroingScans) 
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      If NOT (AccelCalMode = 2) Then ZeroAccels = False 
    EndIf 
    '____________________________String 
Pots_______________________________ 
    VoltSe 
(Pot(),2,mv5000,11,False,0,MeasIntegTime_uS,PotSlope(),PotOffset()) 
    If ZeroPots Then 
      If NOT (PotCalMode = 2) Then PotCalMode = 1'Set the Mode for the 
zero function to 1 to start the zero process 
      FieldCal 
(0,Pot(),PotCount,0,PotOffset(),PotCalMode,PotKnownOffset(),1,ZeroingSc
ans) 
      If NOT (PotCalMode = 2) Then ZeroPots = False 
    EndIf 
 
    If SaveFastData Then CallTable Raw 
  NextScan 
 
  SlowSequence 
  Scan(1,sec,10,0) 
    If NOT SaveFastDataOverride Then 
      If WindSpeed > SaveWindSpdThreshold AND NOT SaveFastData Then 
        SaveFastData = True 
        Timer(SaveFastDataTimer,Sec,2) 
      EndIf 
      If SaveFastData AND (Timer(SaveFastDataTimer,Sec,4) > 
SaveFastDataDuration_S) Then SaveFastData = False 
    EndIf 
    '---------Air Temp---------- 
    Therm107 (AirTemp,1,13,Vx2,0,250,1.0,0) 
    '-----------03002 or 03301 RM Young Wind Sentry Wind Direction 
Sensor measurement - WindDir: 
    
BrHalf(WindDir,1,mV2500,14,Vx3,1,2500,False,0,MeasIntegTime_uS,352,0) 
    If WindDir>=360 OR WindDir<0 Then WindDir=0 
    Battery (batt_volt) 
    'Following added as only way to allow periodic logger calibration 
in Pipeline Mode 
    If IfTime(1,60,Min) AND NOT SaveFastData AND AllowRestart Then 
Restart 
    ZeroingScans = ZeroingTime_S * 1000 / MainScanPeriod_mS 
    If SaveFastData Then CallTable _1Sec 
    CallTable _5Min 
    CallTable CalHist 
  NextScan 
EndProg 
 
 
